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TRANSLATOR’S PREFACE 


The fourth English edition of Nernst’s Theoretical Chemistry corresponds 
to the seventh German edition. The character of the work is slowly 
changing, since it is no longer possible in a book of this size to describe 
fully all modern developments of theoretical chemistry. The ,jnew 
matter in this edition is therefore concerned mainly with Nernst’s own 
researches : for example, there is a very interesting and clear account 
of the modern theory of solids, but, on the other hand", practically no 
mention of the recent advances in radio-activity and the ato^iic theory. 
These inevitable restrictions will hardly detract from the value of the 
book. 


H. T. TIZAEB 




PEEFACE TO THE FIRST GERMAN EDITION 


The following presentation of Theoretical Chemistry is a development 
of an “ introduction which I wrote two years ago for the Handbuch 
der anorganischen Chemie, edited by Dr. 0. Dammer (vol. i. pp. 
1-358). In keeping with the broader requirements of an independent 
text-book — not merely an introduction to a special work — ^it has 
been considerably rearranged and extended. The necessity for this 
was further made clear on consideration of the latest investigations, 
which, without causing any material change in the more recent theories, 
have nevertheless developed them to a surprising extent. 

I believe that at present there has come a period of quiet but 
fruitful toil for the investigator of physical chemistry. The ideas are 
not only at hand, but they have attained a certain maturity. New 
theories of value are always fruitful, in that they are followed by 
a period of enthusiastic activity ; thus at present we see the powers 
of investigation of many civilised nations occupied with rare unanimity 
in the hearty and successful development of the general system of 
theoretical chemistry. 

At such times there is especial need of a statement of the guiding 
ideas which shall give instruction to the student and advice to the 
investigator. As is well known, this need was completely satisfied in 
every respect by Ostwald’s two excellent treatises, the short Outlines 
and the larger Manual of General Chemistry {Lehrhuch der allgemeinen 
Chemie)y the latter of which has passed to a new edition. 

Therefore I entertained serious doubts as to the advisability of a 
new work on the same subject from essentially the same point of view. 
But the saying that “When many come, much comes” seemed 
applicable, and my scruples were finally completely removed by the 
direct encouragement of Professor Ostwald in the preparation of this 
separate edition of the introduction to Dammer’s Handbuch; and I 
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was supported in this undertaking both by the editor, Dr. 0. Dammer, 
and by the publisher, Mr. F. Enke, of that work. 

In a treatise on theoretical chemistry, widely different chapters of 
physics and chemistry must, of course, find their place ; it must contain, 
in fact, all that the physicist must know of chemistry, and all that the 
chemist must know of physics, unless both are content to be specialists 
in their own science. The development of physical chemistry as a 
special branch of natural science means, therefore, — and I would lay 
particular emphasis on this — not so much the shaping of a new science, 
as the uniting of two sciences hitherto somewhat independent of each 
other. In the selection of the material with which physical and 
chemical investigation has provided us, I have been guided less by 
the aim to make this as complete as possible — a task to which I 
did not feel equal — as by the wish to describe in detail only those 
experimental data which either possess universal importance, or show 
promise of attaining it; only those hypotheses which have already 
proved themselves helpful ; and finally, only those applications capable 
of being used systematically, whether their nature is that of calculation 
or of experiment. The latter aim necessitates the description and 
illustration of several important pieces of apparatus for the laboratory. 
I have attached great importance to the incidental description of some 
simple lecture experiments, which I have tested for several years in 
my capacity as teacher of physical chemistry. As I have sought to 
represent the science as it is at present, not the process of its evolution, 
— to give it, in fact, a form unobscured by the accidents of historical 
development — the historical element has necessarily been suppressed, 
and recent literature more particularly considered. I trust that this 
method of treatment will not be taken as implying any lack of respect 
for those remarkable men who, by their work, laid the foundations 
upon which we build to-day. 

In carrying out this plan, it continually became clearer to me that 
the theoretical treatment of chemical processes — the most important 
part of my task— depended firstly on the Eule of Avogadro, which 
seems to me an almost inexhaustible “ horn of plenty for the mole- 
cular theory ; and secondly on the Laws of Energy, which govern all 
natural processes. I considered that this view should be emphasised 
in the title of my book. . . . 

w. n: 


Gottingen, A'pril 1893. 
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INTKODUCTION 

TO SOME FUNDAMENTAL PKINCIPLES OF 
MODEKN INVESTIGATION 

Empirical Facts and their Hypothetical Generalisation.— As 

the most common and immediate aim of physics and chemistry, we 
may propose to answer as thoroughly and as simply as possible, and 
for as many cases as possible, the question, what events will take 
place in a given system of limited dimensions, and what will be the 
condition of this system after the lapse of a definite time 1 For the 
solution of this problem it appears necessary, first of all, to realise 
and to trace out the history of that system whose future we would 
follow. With what success this problem is to be attacked depends 
upon the skill and the resources of the observer, and results will grow 
with the art of experimentation. 

But the infinite variety of interesting systems occurring in nature 
on the one hand, and on the other the unlimited pains which human 
endeavour must take in a thorough investigation of any one changing 
system, would effectually deter the discouraged investigator from a 
systematic examination of natural phenomena, had he not another 
resource besides the direct impression of his senses. This resource is 
the theoretical value of conclusions drawn from different systems, and 
consists simply and solely in transferring to a second system, by means 
of analogy, observations already obtained from any given system. If 
we have studied the case of the falling of a heavy body at one point 
of the earth’s surface, then it is at once possible to transfer some of the 
observed phenomena to other systems ; for example, to the falling of 
a heavy body at other points of the earth’s surface. The successful 
scrutiny of the student of nature reveals itself in finding out that 
which phenomena, apparently very diverse, have in common, and the 
results are the more brilliant as the parallelised phenomena appear at 
the outset more diverse. 
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2 THEORETICAL CHEMISTRY 

The transference of observations from one case to another is 
naturally at first attended with uncertainty, but when it is repeatedly 
confirmed by experience, takes place with ever-increasing certainty, 
until it finally attains the position of an empirical law of nature. The 
discovery of such a law invariably indicates great and undoubted 
progress, as it embodies many empirical facts and allows the anticipa- 
tion of many new ones previously unknown. 

The history of the exact sciences teaches us that we may discover 
new laws of nature in two essentially different ways, one of which 
may be designated as the empirical, the other as the theoretical. In 
the first way we endeavour, by means of suitable observations, to 
collect abundant material, capable where possible of mathematical 
expression, concerning the occurrences between which we suspect a 
connection, and then to approach our end by combining (again purely 
empirically) the results so obtained ; in this way, for example, were 
found certain relations between the properties of the elements and 
their atomic weights. The second way, on the other hand, leads from 
a thorough conception of the nature of certain phenomena by moans 
of pure speculative thought, to new knowledge, the correctness of 
which must then be tested by experiment ; thus, by kinetic considera- 
tions of the combination and dissociation of substances reacting on 
each other, the law of chemical mass action was discovered. 

The first of these two methods, the empirical, can be proposed in 
all cases, and will invariably lead to definite results, after work which 
is indeed usually very tedious. The value of a law of nature so won 
will be mainly determined by its applicability, and our admiration 
for it will be the greater, the more numerous and varied are the 
phenomena concerning which it affords information. For these reasons 
the most brilliant example of an empirically derived law of nature is 
undoubtedly afforded by the doctrines of thermodynamics, which are 
applicable to every process occurring in nature, and therefore demand 
attention in the scientific investigation of each single natural pheno- 
menon. On the other hand, to be sure, the comprehension of such a 
far-reaching law of nature will be the more difficult, and its treatment 
will require more practice, the more universal it is, and in the given 
cases the difficulties of a correct and complete application to a 
particular phenomenon are often so great that the successful trans- 
ference of the general principles to a special case denotes an undoubted 
scientific advance, although the result so obtained, considered as an 
application of a more general law, offers really nothing new. 

Although this purely inductive method has always had and will 
always have great significance for the advancement of the natural 
sciences, yet we undoubtedly penetrate more deeply into the nature 
of the phenomena under consideration when by means of the second 
way, Le. on the ground of conclusions exhaustively arrived at and 
their subsequent theoretical extension, we arrive at a new law of 
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nature; therefore this way m(2st always be the m^re enticing. 
Obviously it is only by a proper choice of those conceptions which 
serve as a basis for our theoretical considerations that we can use this 
method successfully. But now the nature of the case often prevents 
us from submitting the truth of these fundamental conceptions to the 
direct test of experiment, so that the investigator who uses the method 
too rashly is in constant danger of being led astray by the ignis 
fatuus of unhappily chosen first principles. 

Conceptions of this sort, incapable of direct proof by experiment, 
are called hypotheses : as, for instance, the assumption of a space- 
pervading luminiferous ether which, because of its imponderable mass, 
is imperceptible to our senses ; or the assumption that all matter con- 
sists 6j very small but not infinitesimal particles, incapable of further 
subdivision, and, on account of their smallness, intangible to the 
senses. The introduction of these hypotheses, as above observed, has 
become necessary in order to obtain a deeper knowledge of natural 
phenomena, which in turn leads to new and legitimate, results. 
These are accessible to experiment, and good results prove, not the 
correctness of the hypothesis itself indeed, but its utility; while 
a miscarriage shows beyond a doubt not only the unsuitableness, but 
also the incorrectness, of the conceptions from which we have started. 

In suitable ways the hypothesis is a very important assistance to' 
science ; it has no self-interest at all, at least not for the student of 
the exact sciences, but must rather adduce proof for its own right of 
existence, like a bridge uniting known empirical facts with one 
another, or loading us to new ones. The advantage of a good 
hypothesis consists essentially in deepening and broadening our know- 
ledge of natural phenomena, i.e. in doing the same as an empirical law 
of nature. That the human mind has turned* with predilection at all 
times, though in different degrees, to the elaboration of hypotheses, is 
to be ascribed to the circumstance that the mental satisfaction afforded 
in finding a new law of nature is greater when it is inferred deductively 
from univei-sal generalisations, than when inferred inductively from 
knowledge tediously acquired. 

We may say then that the speculative activity of the investigator 
must be directed, not only to observation and measurement of pheno- 
mena, but to the discovery of the most general laws and the most 
useful hypotheses. When these theorems are put into words or 
formulas others than the discoverer can take part in testing them ; 
and any really sound new theorem brings the power of foretelling a 
whole sheaf of detail. “ He who learns the law of phenomena gains 
not only learning, but the power of entering into the course of nature 
and of working on it further according to his will and need. He gains 
insight into the future course of these phenomena. He gains indeed 
faculties that in superstitious times were looked for in prophets and 
magicians ’’ (Helmholtz, Goethe Lecture, 1892). 
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At present we possess some empirical laws and hypotheses which 
are of the widest application ; which must be considered in the 
didactic treatment of every branch of natural science, and which 
demand very particular consideration in showing the present condition 
of theoretical chemistry. The law of the indestructibility of matter 
was first clearly demonstrated by chemical investigation. The law 
of the indestructibility of energy has called into being a special branch 
of cheinistry, thermochemistry; and the fruitfulness of the law of 
the convertibility of heat into external work has perhaps never had 
a more brilliant illustration than in its application to chemical pro- 
cesses. Finally, the atomic and molecular hypotheses appear to 
be indispensable for a comprehension of the nature of chemical 
compounds. 

Range of Validity of a Law of Nature.— It has often been 
assumed in the past that any real law of nature must bo absolutely 
true ; at present this can no longer be accepted, at least everything 
points to the conclusion that there are no such law's at all, but that all 
so-called laws of nature are more or less exact, but never completely 
so, and that a limit can be r^ax3hed in every case where the law 
entirely fails. To take one example, we have very decided grounds 
for believing that the second law of thermodynamics no longer holds 
when applied to very small masses of substances. It would be absurd, 
however, in this and similar cases, to deprive at once the principle in 
question of the rank of a law of nature ; in fact, we can say that the 
question whether a law of nature is absolutely true or not, never 
arises ; what we have to consider is the range of its validity. 

This conception is not without importance for the question of 
the certainty of scientific progress altogether. It is common to speak 
of the inadequacy of human inquiry, simply because many a long- 
recognised law has had to undergo revision to meet the requirements 
of the progress of knowledge. If we consider the matter more closely, 
it is obvious that the law in question has retained its validity over a 
wide range, but that the limits of its applicability have been more 
sharply defined. It can even be said that since the development of 
the exact natural sciences, there is scarcely one law established by an 
investigator of the highest rank which has not preserved for all time a 
wide range of ^applicability, i.e, which has not remained a serviceable 
law of nature within certain limits. We cannot say, for example, 
that the electro-magnetic theory of light has completely overthrown 
the older optical theory put forward hy Fresnel and others. On the 
contrary, now as formerly, an enormous range of phenomena can be 
adeouately dealt with by the older theory. It is only in special cases 
that^the latter fails ; and further, there are many relations between 
optical and electrical phenomena which certainly exist, but of which 
the older theory takes no account. Hence the electro-magnetic theory 
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implies a great advance, but by no means nullifies the suj^cesses of the 
older theory. 

So scientific theories, far from dropping off like withered leaves in 
the course of time, appear to be endowed under certain restrictions 
with eternal life ; every famous theoretical discovery of the day will 
doubtless undergo certain restrictions on future development, and yet 
remain for all time the essence of a certain sum of truths. 

Measurement. — It must be the constant endeavour of the in 
vostigator to give his observations a quantitative form. A description 
of phenomena is usually unintelligible and misleading, repetition of 
observations is made greatly more difficult, when data as to the 
magnitudes concerned are not given. 

The choice of units was at first quite arbitrary ; various practical 
or historical accidents led to the fundamental units of length, time, 
mass, and temperature. Similarly other quantities that an’se in our 
growing knowledge of nature give occasion for new unitS| many of 
which are in use; for example, the “atmosphere,’* “candle-power,” 
“ horse-power,” “ calorie,” etc. 

It was consequently a great advance when Gauss (1832) and Weber 
(1852) showed in the case of magnetic and electric units that this 
arbitrariness could be, if not quite done away with, at least mud^ 
restricted. Their method was to use the laws of nature to define new 
units. 

Thus instead of comparing electric currents in any arbitrary way, 
and so restricting themselves to relative measurements, they made use 
of the electrodynamic action between currents to refer current strength 
to the fundamental units, and defined the unit current ahsolutely as 
such that two portions, each 1 cm. long, and at a great distance L 
apart on the same axis, exercise a force 1 /L^. The unit of resistance 
thus follows immediately as that in which unit current produces in 
unit time an amount of heat equivalent to the unit of w'ork ; and 
electromotive force is defined by means of Ohm’s law, so that the 
potential difference between the ends of a conductor of unit resistance 
is unity, when unit current flows through it.^ 

This method of referring new units to old, and comparing new 
quantities by reference to those previously known, is not free from 
arbitrariness ; in the foregoing case, the unit of current might equally 
well be defined by means of elements of a differeht shape or position ; 
or, as Gauss and Weber pointed out, electrostatic forces instead of 
electrodynamic might be made the basis of the system of measurement. 
Still the arbitrariness is much reduced by the principle of Gauss and 
Weber. But it is even more important that the absolute system does 
away with the numerical factor in the expression of many Taws of 
nature, so that they assume an extremely simple form ; thus this 
* Further details in F. Kohlrausch, Leilfaden dev prakt. Physik, A nhmig. 
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system, like a good theorem, gives the physicist a quantity of detailed 
knowledge of the art of measurement, and of the most, varied 
character. 

The Indestructibility of Matter. — Numei-ous investigations 
have shown that neither by physical change of a substance, as, for 
example, by pressure, heating, magnetisation, etc., nor by chemical 
decomposition, does there occur a variation of its .mass, as measured 
by the attraction of the earth (Lavoisier). Innumerable chemical 
analyses and syntheses speak for the correctness of this law ; in spite 
of the mighty chemical processes occurring in the sun, its attraction of 
the planets remains unchanged — an extraordinarily sharp proof that 
in these processes the total mass of the sun itself remains unchanged. 

The question whether the weight of a product of reaction is equal to that 
of the reacting bodies has lately been tested by H. Landolt, with great 
accuracy {Zeitsch. /. Ghem. [1893], 12. 1 ; Sitzungsher. d. Freuss, Akad. 
d. IFissensch., 1908, p. 364). It appeared that in the 15 cases investigated 
,the change of weight due to chemical reaction was at most a millionth 2 )art, 
probably much less, and in no case was greater than the probable error in 
weighing (0*03 mg.). 

The Transmutability of Matter. — The properties of a sub- 
stance vary with the external circumstances under which we study it ; 
but, nevertheless, for a slight change of external conditions (especially 
of pressure and temperature) there corresponds only a slight change 
in the physical properties of a substance. On the other hand, if 
we bring together different substances, as, for example, sugar and 
water, or sulphur and iron, even when the same external conditions 
are maintained, there often occurs a deep-seated change in their 
properties, producing substances which on comparison with the original 
are very different in many respects. Thus it is possible for the same 
substance under the same external conditions to assume entirely 
different external properties : the substance is convertible into 
another. 

But according to our experiments hitherto, the convertibility of 
matter is limited to certain conditions. The law of the indestructi- 
bility of matter furnishes the first limitation, that in any event 
this change in physical property concerns only identical mmes of the 
substances [ie, that in the change there is neither gain nor loss 
of mass]. Further experience gained in this direction — the result 
of a vast amount of painstaking work in the chemical laboratory, from 
the attempts of the alchemists to change base metals into gold, to the 
wonderful syntheses performed by our organic chemists of the 
prei^nt time — has brought the further knowledge that, in general, even 
identical masses of substances essentially different are not convertible 
into each other. 
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Simple and Compound Matter. — Innumerable investigation^^ 
which have had for their object, on the one hand, to reduce compound 
matter into simpler by chemical analysis, and, on the other hand, to 
bring together different substances to make a new one by chemical 
synthesis, have led to the conviction that, in decomposing the substances 
occurring in nature, one always comes to a number of substances 
incapable of further decomposition, the so-called elementary bodies or 
elements ; of these nearly eighty have been isolated. Every attempt 
at the further decomposition of these elementary bodies has thus far 
been fruitless;^ but from these elementary bodies can be made 
synthetically all the substances collectively known to us. Only those 
substances are convertible into each other which contain the same 
elements, and indeed each element in the same proportion. 

The Indestructibility of Energy. (The first law of thermo- 
dynamics). — Many fruitless attempts to find a perpetmm mobile — Le. 
a machine which of itself is able to perform external work continuously, 
and to an unlimited degree, — have finally led to the conviction that 
such a machine is impossible, and that the fundamental notion of 
making it is in opposition to some law of nature. This law of 
nature may be stated in the following way : — If any selected system is 
subjected to a reversible process, Le, if any series of changes whatsoever 
occur so that it finally returns to its original condition, then the 
external work A, performed by the system during the reversible 
process, is proportional to the amount of heat, W, absorbed at the 
same time, Le, 

A=:JW .... (a) 

The coefficient J, the mechanical equivalent of heat, is independent of the 
nature of the system selected, and its numerical value varies only with the 
scale of measurement employed to express the amount of heat and 
external work. 

If any system whatever is subjected to any desired changes, these 
are, in general, identified with the following changes in energy : firstly, 
a certain amount of heat is either absorbed or given out ; secondly, a 
certain amount of external work is either performed by the system or 
is performed against it ; thirdly, the internal energy of the system will 
either diminish or increase. In general, in any event the diminution 
of the internal energy U must be equal to-the external work A accom- 
plished by the system, minus the amount of heat Q absorbed ; i,€. the 
following relation exists — 

U=A-Q . . . . (fe) 

In this equation all the quantities must be expressed in terms of 
the same unit of energy, heat must be put into work-units. 

^ The phenomena of r>dio-activity, which will be* described later, point certainly 
to a spontaneous decomposition of certain elements which is outside the influence of the 
experimenter. 
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Of course each of these three quantities may be negative ; thus 
^vhen a development of heat occurs Q is negative, when an increase 
of internal energy occurs U is negative, and when external work is 
done on the system A is negative. When the system considered 
consists of reactive substances, and the change is a chemical decom- 
position, then Q signifies the heat of reaction, U the change of the 
substances’ internal energy occasioned by the decomposition, and A 
is the external work performed by the reaction in overcoming the 
external pressure, and, as above, is positive when the reaction is 
accompanied by an increase of volume of the system, but negative 
when accompanied by a diminution of volume. When, as often 
happens, the external work is negligibly small, U is equal to the heat 
evolved in the reaction. 

If we bring a system that has suffered any change back to its 
original state, the work done by the system is, according to equation 
(a), equal to the heat supplied. Hence by (h)\ U must be zero, or the 
system possesses the same content of energy as before the change ; 
the energy contained at any moment is therefore completely determined hy 
the state of the system at that moment, . / 

U must therefoi’e be a single valued function of the variables characteris- 
ing the system ; and dU be capable of being p’At in the form of a complete 
differential. If, fot example, the only exteihal work done is against an 
external pressure, the system is in general completely defined by the 
temperature T and volume v, and we may put 

As already stated, equation {h) is applicable to every occurrence ; 
for it is the direct analyticOfl expression of the law of the conservation 
of energy, A change of the energy content of a system can occur in 
very many ways, — partly by a simple change of temperature, partly by 
isothermal changes of condition, and partly by the two together. In 
the first case, the change of energy is measured by the product of the 
heat capacity of the system and the change of temperature; in the 
second case, by a certain quantity of energy which can usually be 
determined easily and exactly (as the latent heat, heat of reaction, 
and the like, + the external work) ; the third case, finally, can always 
.be referred to the first two cases, as the following consideration 
shows : — 

Let a system i^ffer any desired change, and at the same time let 
its temperature change from T to T + 1. Now, let us think of this 
process as conducted in the two following. ways ; in the first way, the 
process is completed at constant temperature T, whereby the change of 
energy amounts to Ut, and then the system is warmed to T + t, 
whereby it needs the introduction of Kt calories, if K denotes the 
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heat, capacity of the system after it has suffered the change ; in the 
second way, the system is warmed at once from T to T + 1, whereby 
it needs an introduction of K^t calories of heat, if denotes the 
initial heat capacity, and after this the process is finished which is 
associated with a change of energy amounting to Ux+f The heating 
takes place without any performance of external work;, for example, 
if the system be a gas, it is heated at constant volume. In both ways, 
we pass from the same initial to the same final condition ; then, 
according to the law of the conservation of energy, the changes of 
energy in both cases must be equal ; in the first case, the diminution 
of total energy amounts to Ut - Kt, in the second to Ui+t - K^t, and 
therefore we have the following equation — 

Ut — Kt = Ux+t ■“ Kjjt, 
or 


The right-hand expression is the increase in the energy change per degree 
rise of temperature, and for small temperature differences may he mitten 

^ ; this, acceding to the ahore law, is equal to the difference between the 

thermal capacities of the system before and after the change. If, for example, 
we consider the process of fusion, the proposition given above declares 
that the heat of fusion of one gram of a solid substance increases as 
much for every degree of temperature elevation as the specific heat 
Cq, of the fused substance, is greater than tliat c of the solid. 


If a homogeneous substance be heated through dT, at constant pressure, 
the heat required is CpdT, where Cp means the thermal capacity at constant 
pressure ; the process may, however, be conducted in this way : raise the 
temperature through dT at constant volume, with absorption of heat 
CydT (c^r - thermal capacity at constant volume), then allow it to expand 

0XJ 

isothermally by the amount dv, for which the quantity ^ dv + pdv will be 

required. Put dv equal to the expansion that WQuld be causal by rise of 
temperature dT at constant jjressure, and we arrive in each case at the same 
final, from the same initial , state, so that the quantities of heat absorbed 
must be the same — 


CpdT = CydT + 


or 


/ ‘ 0U\, 

(p + ^)dv. 

/ 0U\0V 


The law of the conservation of energy, above all other laws, has 
introduced a new epoch of investigation of nature; it was clearly 
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stated for the first time hy Julius Eobert Mayer (1842), biit was first 
recognised in its full sigiiificance, and applied systematically to the 
most various phenomena, by Hermann von Helmholtz, in his paper 
“On the Conservation of Force,” 1847.^ It received its first quantitative 
confirmation by the fundamental investigation of Joule (1850) on the 
conversion of work into heat, which in turn led to the determination 
of the mechanical equivalent of heat. 

The share taken by these investigators in the common work is well 
characterised by Mach {Prinzipim der Wiirmetheorie, Leipzig, 1896, p. 268) : 
“ The need for the principle was strikingly brought out by Mayer, who pointed 
out its applicability to all subjecta To Helmholtz is due the complete 
critical working but in detail, and the connection to results already aixived 
at. Finally, Joule introduced the new method and conception, in the most 
exemplary manner, into the region of quantitative experiment.” 

Measurement of Energy. — Since we shall have much to do 
with energy, some special remarks on its measurement may be in 
place here. The absolute system gives as unit the work that is done 
in moving the point of application of unit force through 1 cm. But 
unit force, called the dyne, is that which in one second gives to one 
gram unit velocity (1 cm. /sec. called “cel” from celeritas); it is, 

moreover, nearly the weight of a milligram (more exactly g™* 

in middle latitudes). The corresponding unit of work is called the 

“erg” (epyov), and is of course equal to the kinetic energy of 

two grams moving with a speed of 1 cel. 

This unit of work is often inconveniently small, and for a long 
time past other units, suited to particular purposes, have been in use. 
The “ kilogram-metre ” is used in technology, i.e, the work done in 
lifting one kilogram through one metre, the unit of length being here 
taken as the metre, and that of force as the weight of a kilo. But as 
work can be done in increasing a volume against pressure, or causing 
electricity to flow against a difference of potential, units of work are 
suggested for such cases in the form of products of pressure by volume, 
and quantity of electricity by potential. If, as is customary in 
scientific calculations, the C.G.S. system is adhered to, the unit of work 
is of course always the same ; but if, as we shall occasionally do for 
clearness, the conventional measures are used, the work unit will of 
course be different in diflerent cases. 

The unit of heat is determined in principle by the law of conserva- 
tion of energy as being equivalent to the unit of work. But here 
also for practical reasons the reduction is often avoided, and a special 
heat unit, in closer connection with the methods of measurement, 
adopted ; as such we shall always use the gram calorie (cal.), ^.c. 

^ Ostwald’s Klaasikert No. 1, Leipzig, 1889 : Ob&r die Mrhaltung der Kraft. 
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bbff neat required to raise one gram of water through 1® on the air 
^isrmometer scaled But as the specific heat of water is appreciably 
triable, it is necessary to complete this definition by stating the 
bemperature of the water. Now, by far the most calorimetric measure- 
ments, especially in thermochemistry, are made by observing the rise 
of temperature produced in water at room temperature by the heat 
to be measured ; so that it is best for our purposes to choose as unit 
ikai quantity of heat which will raise one gram of •water at W through 
i"* Centigrade-, and between 15° and 20° the specific heat of water 
may for most purposes be regarded as Constant. 

Besides the calorie given above, there are also the so-called “ mean 
calorie,'^ i.e. of the quantity of heat which is necessary to warm 
1 g. of water from 0° to 100°; the so-called ^^zero-calorie,'' i\e, the 
quantity of heat which is necessary to raise 1 g. of water from 0° to 
1° ; and also a number of other caloiies which refer to temperatures 
arbitrarily or casually chosen. 

The change in the specific heat of water with the temperature 
has recently been satisfactorily determined. The following table gives 
the mean of the values found by Eowland (1880), Bartoli and Strac- 
oiati (1892), Liidin (1895), Callendarand Barnes (1902), and Dieterici 
(1905):— 


t^a** 
c== 1-008 


The zero calorie is thus 1*008 times the ordinary calorie; the mean 
calorie can be taken as unity (Efieterici). 

For the mechanical equivalent of the ordinary calorie Luther and 
Scheel® deduce the value 42,710 from a critical consideration of the 
results obtained by Rowland, Micolescu, Griffiths, Schuster and Gannen, 
and Barnes ; all these measurements depend on the direct application 
of the first law of thermodynamics. 

By means of the second law of thermodynamics (see later), the 
heat ‘of evaporation of water can be calculated exactly from the very 
accurately determined vapour pressure curve of water, if the value 
42,720 is assumed for the mechanical equivalent of heat. This is 
probably an extremely reliable, though indirect result.® The meaning 
of this number is that if in latitude 45° a gram he allowed to fall 
through 42,720 centimetres the kinetic energy acquired converted 
into heat would suffice to raise the temperature of a gram of water at 
15° by 1° on the air thermometer scale. 

^ For reduotlon of a Jona glass mercury thermometer to the air scale, see Wiebe, 
Z,/. analyt. Ohm. 30 . 1 ; Ohm, OentriM,, 1891, 1 . 249 ; Z.f, Inatrumentmk, 10 . 
288, 486 (1890). 

* Verhandl, de» Ausschusses /ar 1907-1911. 

* Nemst, V&rharuU, d, DeviUch, phyHh Qea., 1910, p. 666. 
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[n the absolute system of measurement the value of the oriii?ary 
calorie is 


42,720 X 980*6 = 41,890,000 ergs. 


(980*6 = acceleration of gravity in latitude 45°), or 41*89 million ergs. 

=; 4*189 Joules. 

Sometimes the kilogram-calorie, which is 1000 times the gram- 
calorie, is used instead of the latter : its mechanical equivalent is 
427 metre kilograms. The two units are distinguished by the names 
“ large ’’ and small calorie ” respectively ; in the following the former 
will he denoted Caly the latter cal 

Very often, and in calculations which are of especial importance for 
the chemist, the problem is given to eacpress, in units of heat, the work 
performed in overcoming the pressure on a definite volume. For 
example, in a cylinder with a movable piston of a cross-section of 
1 sq. dcm., on which the atmosphere presses with a pressure of one 
atmosphere, let the piston be raised 1 dcm. so that the atmospheric 
pressure will be forced back from the space of a litre. This unit of 
work, after the analogy of the “ metre kilogram,^’ we appropriately 
call a ‘Mitre-atmosphere.’’ The pressure of an atmosphere On a 
sq. cm., as is known, .is 1*0333 kg. = 76 x 13*596 gr., and on a 
sq. dcm. 103*33 kg.; the work performed in raising the piston is as 
great as though 103*33 kg. were raised 1 dcm., or as though 1 g. 
were raised 1,033,300 cm. Therefore the work sought, in calori- 
metric units, is 

1 Litre-atmosphere = 42 720 ~ ~ g.-cal. 


Equations of Motion of a Particle. — Some remarks on this 
point will be inserted here, partly to elucidate further the law of 
conservation of energy, partly because we shall later have to do 
repeatedly w:ith the movement of particles. If a particle of mass m, 
under the influence of a force X, move in a direction which may be 
defined as that of the axis of x in a system of co-ordinates, and if t 
is the time, then by the fundamental laws of dynamics 



( 1 ) 


(or mass x acceleration = efiective force), 
identity 


^t = dx, 


Multiplying (1) by the 


and remembering that 


dxd^x,. Xm/dxXn 
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cannot be different from A or 

A = A' (c) 

In words, this equation, of which we shall make repeated use, 
states that — 

III. The external work that can he donejby a given p'ocess when mod 
efficiently used is independent of the arra^^^jient by which this “ maximal 
external work ” is obtained ; or, more briefly, the work done in an isothermal, 
rei^ersMe, cyclic process is zero. 

During such a cyclic process, certain quantities of heat are, in 
general, given to, and taken from, the heat bath; according to the 
law of conservation of energy the sum of these must be zero. 


2. Transfer of Heat. — The calculation of the work that can be 
done by the passage of heat from higher to lower temperature is of 
great importance ; we can easily solve the problem for a simple case — 
a cyclic process performed with a perfect gas — since here the quantities 
of energy involved are known from the laws of gases. 

Let there be two reservoirs, at different temperatures, say in the 
form of large masses of water, which we can draw on for supplies of 
heat. For simplicity of calculation we will suppose the two tempera- 
tures to differ only infinitesimally, and that they are (on the absolute 
scale) T and T -f- dT. We have then to think out a mechanism by 
which heat may be withdrawn reversibly, and so with the greatest 
useful effect, from the second reservoir (at T + dT), and given to the 
first at T. 

For this purpose we take a cylinder, closed by a movable piston 
and containing a certain quantity of an ideal gas — say one gram- 
molecule (32 g. of oxygen or 28 g. of nitrogen, etc.). The apparatus 
is put in contact with reservoir I., i,e, immersed in the large vessel of 
water at T, and the gas, originally occupying a volume v^, compressed 
to Vg. Work is thus spent to the amount 


A = RTln-i 


where R is the gas constant, 


^■“273 


(p^ and v^ the pressure and volume at the temperature of melting ice). 
The equivalent amount of heat, measured in the same unit as A, is 


Q = RTln^, 

*2 

and is given to the first reservoir. Now the cylinder is brought 
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in contact with reservoir II. so that it is warmed to T + dT ; the 
heat thus absorbed is KdT, where K is the thermal capacity of the 
cylinder and its contents. During the heating the volume Vg is to be 
kept constant, so that no external work is done. Now, on allowing 
the gas to expand from Vg to v^, we gain the external work 

A + dA = K(T + dT)ln^, 

and withdraw from reservoir 11. the equivalent quantity of heat 

Q + dQ = E(T + dT)ln-i. 

^2 

Finally, we put the apparatus in contact with the colder bath, and 
keeping its volume constant at Vj, allow it to give up the quantity 
KdT of heat, and so fall to T. It is then'in the initial state again. ' 
The sum of the work done by the gas in the cycle is 

dA = RdTln^, 

and at the same time the quantity of heat 

Q + KdT 

is carried from reservoir 11. to L, and has consequently fallen in 
temperature from T + dT to T, whilst the quantity of heat dQ = dA is 
converted into useful work, KdT is an infinitesimal quantity that 
may be neglected by comparison with Q. 

If the thermal capacity of the cylinder and its contents were zero, 
instead of Q + KdT only Q of heat would have been transferred from 
T + dT to T, and this arrangement would increase the useful effect, it 
is true, but only by an infinitesimal percentage. Hence we may say, 
without appreciable error, that the quantity Q of heat has fallen from 
T + dT to T during the cyclic process ; comparing this with the work 
done we find 

dA = Q^^ . ... (d) 

i.e. of the qmntity Q of heat transferred from reservoir 11. to I., the part 
dT 

Q-^ is turned into external work 

We can now easily show that this result, though derived from a' 
special case, is perfectly general. Assume that some other reversible 
cyclic process exists, by which the quantity Q' of heat falling from 
T + dT to T accomplishes dA' of work. Then we may combine this 
with the former process, choosing the quantity of gas so that in it also 
Q' of heat suffers the temperature change. Now let the two systems 
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each pass through a cycle, in opposite senses, so that the temperature 
of the quantity Q' of heat falls in the one by dT but rises in the other 
by the same amount, so that the transfer of heat is neutralised; 
then there can be no external work done, otherwise we should have 
constructed a machine capable of converting heat into work indefinitely, 
i,e, we must have 

dA' = Q'^J^ . . . id') 

Hence — 

IV. If a p'ocess consists mei'ely in transfer of heat, and a quantity Q 
he carried from one body at temperature T + dT another at T, the work 
dT 

that can he performed is Q-^ in whatever way this work is obtained, pro- 
vided it is a reversible way. 

• There are few laws so fruitful as that contained in {d) or {d'), 
which represents the quantitative expression of the convertibility of 
heat into work, and in particular, has been applied with great succjess 
to chemical processes. 

It will be worth while to remark further on the meaning of the quantity 
dA (or dA'). It must not be supposed that in the equation 


dT 

dA = Q Y 


dT^T 


dA is the work done in raising the temperature of the system by dT. This 
is not the case, for we have particularly carried out the cyclic? process in 
such a way that no work is asso- . 
ciated with the rise of tempera- 
ture. Rather dA is the excess of P 
work spent in reversing at T -H dT 
the same process that has been 
dA 

performed at T, so that ^ is the 

temperature coefiicient of the 
availability of the process for work. 

We shoulci obtain a wrong value 
for dA if a gain or loss of work 
were associated with the warming 



or cooling of the system, and so I ^ 1 L ^ 

a change in its availability for ^ ^ ^ 

work took place, of a secondary 

character with regard to the present argument. 

Clapeyron’s graphical method is very instructive in this matter. The 

V2 

work done in an expansion fpdv is expressed gin the figure by the area 


between the curve 


Vi 

P==f(v), the two ordinates, and the axis of abscissse. 
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When the temperature ia raised this curve is changed to 


,.fW+^>dT, 


and we thua obtain a neighbouring line (dotted in the figure). Tlien 
clearly the sliaded porii<in expresses dA. If in any case other than ex- 

jjansion the work is given by J IJdU), then must be used as oi*dinate, U? as 

tDj 

aljs^dsHo. 

All results HO far known in tliernimlynamics ciin Ixj deduct^l by means 
of cyclic prwesscs ; the laws to be stated in the four following sections 
conbiin nothing <*s8entially new, they are merely another w^ay of expressing 
the relations already dealt with in this section. This must he expressly 
stated, aw many authoin U\ke results which have already been firmly 
established by cyclic processes, and re-establish them by application of the 
entrojiy jirinciple, or use of thermodynamic iK)tentia], free energy, and so on 
anfl then not only talk learnedly of a “stricter foundation,” hut also seem 
to find favour thei'eby in the eyes of others. From a poedagogic point of 
view a certain valium may be attached to such “ stricter proofe,” but usually 
the ouly thing that is proved is that the author has studied the work of his 
predec»*8soi‘8 with intelligence. There is no independent scientific value to 
he attriliuted to such discussions. 

Which method is to l)e prefern^d — the explicit discussion of a cyclic 
process, or its abstmetion in the theory of functions — is a pure matter of 
taste ; it should l)e remarked, however, that while the pro])hets ex eventu of 
thei inodynamics, with one accord, ])refcr the themuKlynamic functions, investi- 
gators who lia])j)cuod to j)i*efer the careful working out of new results to 
the nmthcmati<!al polishing uj) of old ones have all used the original method 
of Carnot and Clausius, obviously l)ecause the consideration of an (at any lale 
in principle) experimentally realisable cyclic process oilers more protection 
against error. 

Still, any one who w^islies to go deeper into tin*, problems of the theory 
of heat may be re<*.ommended to a careful study of tlieiiiuKlynamic functions, 
esj)ecially in the admirably clear exposition of Planck {TJiemwdynaviiky 
Ticipzig, 1905). 


Summary of the Two Laws.— The results arrived at in the 
foregoing section nmy be summarised as follows : — 

1. Every natural process cjin, by the most advantageous use, 
yield a definite amount of work, and by the expenditure of the same 
amount of work, it is theoretically possible to reverse the process ; 
here by ** process*' we mean any change of a system that can occur 
without application of work from without. 

2. If the process takes place isothermally, the maximal work A 
depends only on the initial and final states, and not on the path 
l)etween. 
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3, If the process consists in an equalisation of temperature by which 
a quantity of heat Q falls from the absolute temperature T + dT to T, 
it is capable, whatever the nature of the system, of the work 


clA = 



as a maximum, (A and Q in the same units.) 

Now, the first law gives the relation (p. 7) 

U = A~Q. 

Eliminating Q from the two last equations, we have 

(IT 

dA = (A-U):^", 


or A-U = T||,^ .... (r) 

Here A is the maximum work of an isothermal process (compare 
equation (c), p. 19) at temperature T, U the simultaneous decrease in 
the energy of the system, and A - U (called Q in the foregoing) the 
heat withdrawn from the surroundings during the process, to which 
the old terra “ latent heat ’’ may conveniently be given. 

Hencey according to (e)y the excess of the rnaximil uw^Ic of an isothermal 
process over the decrease in total energy^ or the latent heat of the procesSy is 
equal to the absolute temperature multiplied by the temjjerature coefficient of 
the maximal work (the capacity for work). 

This is the most intelligible statement of the second law, because 
it contains only quantities with a direct physical meaning ; for the 
change in total energy is always simply measurable by allowing the 
process to take place, without production of work, in a calorimeter. 
The maximal work is more difficult to measure, because for that the 
process must be conducted reversibly ; but in many cases this quantity 
also can be directly recorded (e.g, by a Watt indicator, or a Siemens 
electrodynamometer), so that there can scarcely be any great difficulty 
in making its meaning clear in new instances. The above form of 
the law is especially to be preferred in application to chemical and 
electrochemical reactions. 

Remembering, furth( 3 r, that the juxtjiposition of A and U implies 
that both ^ these quantities are independent of the path, and therefore 
completely dcfinecl by the initial and final states, and further, that 
A ~ U is the latent heat of the system, equation (e) may bo regarded 
as including both fundamenUd laws. 

When the work done by the process consists merely in overcoming a 
pressure during an expansion of the systi^m, we can put A in the form 


^ U is so by the First law (p. 7). 
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A 


= j Pdv, 


Vl 


where Vp are the initial and final volumes respectively. Frequently the 
pressure rt'niains constant during this change (evaporation, fusion, dissociation 
of a solid, etc.), and then 

A = (v.^ - Vj)p ; dA = (Vg - Vj)dp, 

and 

A-U = Q = (v2-v,)T^, 

wliere Q is the heat al»Hoib<!d during the expansion from V2 to 

When p varies during the expansion (evaporation of a mixture, exjmnsion 
ot‘ a gJis or liquid, etc.), we may regard it as constant during an infinitesimal 
<‘xpanHioii v.^ - Vj =-= dv, and obtain from the last equation 

dQ = Tjjdv. 

Here it is to be noted that dp is the increase of pressure at constant volume, 
but dQ means the heat absorlKd when at constant temj^erature the volume 
of the system increases by dv (and external work is done). This is indicated 
by the symbols 

hv~ dr 


[dy/r VdT/v 


Analjrtical Formulation of the Maximal Work. — The 

greatest difficulty in applying the fundamental equation (e) lies in 
obtaining an analytical expression for the maximal work; for there 

dA 

are few cases in which A and can bo measured by direct experi- 
ment, and otherwise the quantities must be determined by values 
characteristic of the initial and final states, and these values differenti- 
ated with respect to temperature, under the condition that during the 
temperature change no external work is done. 

The following considerations are important for the choice of 
variables to express the initial and final states of a system. As a 
matter of fact, -in most cases the number of these variables reduces to 
one. The quantity A of work can in general be decomposed into two 
factors, such as force x distance, pressure x volume, thermodynamic 
potential x mass, electric potential x quantity of electricity, and so on, 
of which the first is in general a temperature function, but the second 
can be made independent of temj>erature ; the latter should therefore, 
with the temperature, be chosen as independent variable for express- 
ing A. 

This remark needs elucidation. Let A^j l)e the expression characterising 
the initial state, F the final ; then 

A:=.F-Ao (1) 
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Let and F differ only infinitesimally, bo that A becomes the 
differential dA. If we can find a variable to the changes of which dA is 
proportional, we may put 

d A =1 ildlu (T const.) .... (2) 

in which the factor ft is equal to the (partial) differential coefficient of A 
with respect to It), and A itself, when ft is known as a function of ID, can be 
arrived at by an Integration from the initial to the final state 

A = J 

U>.J 

The simplest case is when a force X acts at a point ; if t he point of 
apt^lic^ation moves through the element dx 

dA = Xdx, 


t.a for small displacements the changes of A and x are ]>r(q)ori ional. Now 
the analysis (2) appears to be always possible, so that by analogy wo may 
call ft the force and dlD an element of path. 

If, then, the system has several ways of doing work, 

dA=^ftidtDi + ft/ltD. 2 + . . . (T const.) . . (3) 


and ft^, ftg are the partial differential coefficients of A with respect to tD^ 
iDoj etc. Thus the diflferential of A with respect to volume is juessure, 
with respect to quantity of electricity is electromotive force, etc. So tliat, 
dX 

in general, is the force with which the system suffers a certain change ; 
olD 

but as we shall be concerned almost exclusively with changes involving great 
friction, by analogy with (5) (p. 14), the velocity of the corresponding change 
is equal to the quotient of force by friction. As the lather depends 
essentially on the particular system, thermodynamics gives no information 
with respect to it. 


dA 

The evaluation of the temperature coefficient of the maximal work, 
is now easy. After the value of 


A = F-A„ 


is arrived at by integration, we have to differentiate A partially with resjiect 
to T ; and since according to equation (3), when tt> is coiistant no work is 
done, the condition (p. 20) that no work should accompany rise of 
temperature is necessarily satisfied. 

Again, supposing F and A^ to differ only infinitesimally, the maximal 
work becomes 

ftjdtDi+ftjdtDa-h . . . 


where the quantities dtp represent small, but definite changes. Applying 
the fundamental equation (e) to the process so defined, we have 
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ft,d«),+«jdrt)j+ . . . ~dU = T(|^dW, + ^^2d^a+ . . . ) 

-ft 

2(«-T^”)d»t) = dU, 

in which, therefore, dU in the change of total energy due to the displace- 
incntH dtt?. The expiation on p. 24 is a particular case of this = p, n? == v). 

Tliere is a relation Uitween the values of Si that we will develop in the 
case of two kinds of external work ; let 

dA = fi^dlUi + (T const.) 

Sin<M> (I A in this ecpiation is a complete diftertnitial (independent of the 
“ path ”) we in list have 

r)«A _ a^A 

i, 

dtO^ 

a relation which in its apj dications coincides with c([uation (c) of j). 19, The 
generalisation lor more than two variables is obvious, but has so far hardly 
found any application. 

Fiiuvlly, it may be remarked that the assumption of reversibility is 
implicitly made in all equations (such as (3)) whicli express the extenial 
work by means of variables, and do not contain the time. 

Free Energy. — The quantity A expresses that part of the energy 
change involved in any process that can be turned without limitation 
into external work, kinetic energy, etc . — a fm'tiori into heat — and is 
therefore in every respect free. Helmholtz ^ gave to this the name 
change of free energy^' and to A - U, t.e. the difference betw'een the 
changes of free and total energy, the name “ change of bound enei'gyJ^ 
Only the changes of free or total energy have physical meaning. 
The absolute mhie of these quantities is unknown, and without interest 
for us, since probably it does not influence the course of surrounding 
phenomena. In the same way, wo speak only of relative movements 
of the ImdieS suiTounding us, since their absolute velocities are unknown 
and, so far as wo know, indiflerent Thus, writing ll for the absolute 
value of the toUd energy, and 21 for the free energy, we measure 
((yilorimetrically) 

and {e,g. by a Watt’s indicator) 

A = 2l2-5(i, 

but the actual values of 11 and 2i escape us. We may, however, 

* Sitztter, d, Bert. Ahad,, 2inl Feb. 1882; Oe^. Ahh, 2 . 958. See also Massieu, 
Journ. tie phys, 6 . 216 (1877), tuul W. GlbVa 2Va?w. Connectient Acad, 8. 1875-78. 
German translation by Ostwald, Leipzig, 1892. 
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count U and A from a fixed initial condition, and speak of them as 
the “ total ” and “ free ** energy ; then (e) would be expressed in words 
as : ihe difference between the free and total energy (also described as the 
bound energy) is equal to the absolute temperature multiplied by the 
temperature coefficient of the free energy. 

According to the first law the total energy remains constant in 
a system isolated from communication of energy ; according to the 
second law the same would be true of the free energy in a system 
at constant temperature in which all the processes were reversible. 
In reality it always decreases, for this ideal limiting case can never 
be strictly realised, but friction and similar processes constantly con- 
vert free into bound energy. 

Olaufiiiia introduced a function which is useful for many purposi^s, viz. 
the entropy — • 


i.e. the difference between free and total enerj^y divid(‘d by the absolutt* 
temperature. This is especially useful in dealing with adiabatic ]>roi*esses 
{i.e. when no heat is taken in or given ont). Clausius showed that this 
function is increase^l hy all iiTeversible processes that occur in an isolated 
system, so tliat the second law may be put in the form of tlie principle of the 
increase of entropy. This conception is not, however, more general than that- 
of the decrease of frt*e energy ; the former principle is directly aj)plicahle 
only to systems of constant energy content, the latter only to syst<uns at 
constant Uunpeiuture ; but as from each we may deduce the impOHsiliility 
of the engine described on p. 16, each of thi^e special principles may he 
Bej)arately reganhxl as the most complete expression of the wHJond law. 

The combination of 




rrJSl 

(IT 


gives 


- 


d9l 

dT’ 


i.e. the entro])y is the negative temperature coeflicieiit of the free, energy. 
We shall henceforth always work with the in tell igi hie notion of the maximal 
work (free energy), and not with its negative tiunperature coefficient (entropy) ; 
moreover, as Helmholtz ])oiuted ont, it is preferable to ust^ the integral 
function (free energy) rather than its differential (entropy), becanstj U can Iwj 
determined from equation (e), and © can easily be expressed in terms of % 
by the preceding equation. 


Conditions of Thermodynamic Iquilibrium— Finally, it may 
be remarked, the fundamental equations yield an easy test whether a 
system is in equilibrium . or not It was noticed above that for a 
reversible process force and resistance must be equal ; if one slightly 
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exceeds the other, a change takes place in one or the other sense. 
Hence follows that — 

A Bystem is in equilibrium at evefiy phase of a reversible process ; arid 
for a system to he in equilibrium it is suj^Mnt that the conditions should he 
so chosen that only reversible processes are possible.^ 

Thus, a mixture of chemically indifferent gases in a closed vessel 
is in equilibrium if the temperature and composition are the same 
throughout, for otherwise the irreversible processes of diffusion and 
thermal conduction will occur. Further, there is the condition that 
the containing vessel shall not burst under the pressure of the gas, for 
that would introduce a new irreversible process, and so on. 

Since no system is in equilibrium in which there are temperature 
differences, wo may confine ourselves to considering isothermal 
systems; and as further the immersion of a system at uniform 
temperature into a sufficiently large bath at the same temperature 
neither destroys any existing nor creates any new equilibrium, it is 
sufficient to consider isothermal processes. But as by p. 27, if 
all changes are accompanied by an increase of A, irreversible processes 
are excluded, we find that — 

A system at constant temperature is in equilibrium when its free eneryy 
is a minimum. 

The analytical condition is 

521 = 0 (T conflt.) . . . . (1) 

Since the entropy is increased by all irreversible precepsi*8 in an i»olatt*d 
syfltem (p. 27), we find the corresponding condition that in a system of 
constant energy all clmnges involve an increase of tlie entropy S, or tliat © 
is a maximum 

8@ = o (U const.) . . . . (2) 

The two equations of equilibrium (1) and (2) are, however, identhjal, for 
whether the equilibrium of a system is disturbed by change of temperature, 
or by intnxluctiou of heat, comes to the same thing. 

Physical Mixtures and Ohemical Oompounds. —Closely con- 
nected with the empirical laws given above, which form at once the 
basis of physics as well as of chemistry, there is another law which 
leads us at once more into the region of chemistry. Many different 
elements can unite in many ways so as to form new homogeneous sub- 
stances, i.e. such as are everywhere alike, and when examined with 
the most powerful microscope, present the same properties at all 
points. Experience teaches us that in all cases the properties of com- 
pound aubstences vary more or less with the composition, but that in 
no wise does composition alone determine the properties. Thus 
** knall-gas,” water-vapour, liquid water, and ice, are all substances 
having the same composition, but having very different properties 

* Conversion of potential into kinetic energy Is an irreversible process in all systems 
in nature, since friction is never entirely absent. 
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even when compared under the same external conditions of temperature 
and pressure. 

The thorough study of the relations of compound substances, 
and their dependence upon the composition, has led to their divi- 
sion into two classes. By the mixture of two gaseous elements, as 
of hydrogen and iodine vapour, for example, wo can obtain, according 
to the conditions, two very different gaseous mixtures, each of which 
appears homogeneous in all physical ^nd chemical respects, but which 
yet offer marked chemical differences. In one mixture we can easily 
recognise the properties of each particular element : the iodine vapoiu* 
by its colour, and the hydrogen by its enormous diffusibility through 
porous partitions. In the other mixture many properties of both 
components are totally changed ; the colour of the iodine vapour has 
vanished, and we seek in vain for the characteristic diffusibility of 
hydrogen. Further, the two mixtures behave characteristically on con- 
densation to the liquid or solid form : from the first, by cooling or by 
suitable compression, there is at once separated from the gas mixture 
solid iodine, a substance of entirely different composition from the gas 
remaining uncondensed; from the second mixture, by similar treat- 
ment, we obtain a homogeneous liquid of the same composition as the 
uncondensed gas. 

We call the first of these gaseous aggregates, a physical midnre ; 
the second, a chemical compound of hydrogen and iodine (hydriodic 
acid) ; and we are forced to conclude that the union of the two gases 
is much more intimate in the second case than in the first. 

We make the same distinction in the union of different compound 
substances with each other, or with elements ; here we often meet with 
homogeneous aggregates which can be liquefied, evaporated, solidified, 
recrystallised, etc., without change of composition, and whose pro- 
perties are in many respects totally different from those of their 
respective components; these, beyond all doubt, can bo designated 
chemical compounds. Other aggregates of this kind change their 
composition very easily by condensation, volatilisation, etc., their 
particular components can be reobtained in many ways without 
difficulty, and in the mass we can recognise many properties possessed 
by the components when separated. These complexes, with all 
certainty, are affirmed to be only physica.1 mixtures. 

Further, as a rule, the formation of chemical compounds is 
attended with much more considerable changes of volume and energy, 
than simple union to a physical mixture ; moreover, the external work 
which we must apply in order to separate the components of the 
mixture, is much greater in the first case than in the last. All this 
means that the union of the components in the first case is incom- 
parably more intimate than in the second. 

Nevertheless, the distinctions between physical mixtures and 
chemical compounds are only of degree, and we find in nature all 
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gradations between these extremes. Thus we are inclined to speak of 
the solution of a salt in water as a physical mixture, on account of the 
ease with which the components can be separated from each other ; 
thus we can remove pure water from the solution both by evaporation 
and by freezing ; and, on the other hand, we can extract the pure salt 
without difficulty by crystallisatioa At the same time, many pro- 
perties of salts may be changed in a pronounced way by the process of 
solution : this is well shown, for example, on dissolving in water 
anhydrotis copper sulphate, a white substance which in solution assumes 
an intense blue colour. These and other phenomena suggest em- 
phatically that there is a chemical process associated with solution. 
On the other hand, in the union of various substances to form a new 
homogeneous complex, which for good reasons is to be regarded as a 
chemical compound, we find that certain properties of the components 
are unchanged. Thus, for example, in the union of iodine and mercury 
to form mercuric iodide, we find that the heat capacity of the newly- 
formed complex is almost exactly the same as before the union ; thus 
the specific heat of each element remains unchanged in the compound. 

The Law of Constant and Multiple Proportions.— The 

quantitative investigation of the amounts in which the different elements 
are present, has led to a much sharper distinction between physical 
mixtures and chemical compounds : we can vary the composition of 
the former within wide limits, but the composition of the latter is 
constant in whatever way they be prepared. John Dalton (1808) found 
a wonderfully simple law to express the relative quantities according to 
which the particular elements are contained in compounds of constant 
composition ; this is called the law of constant and multiple p'oportmis. 
It states that one can find for every particular element, a certain 
number which wo will designate the combining weiglU, which is the 
standard unit for the quantity of the element entering into all its 
mnous compounds. The quaiUitm of the various elements in their respective 
compomuh are either in the ejuict ratios of their combining weights, w else in 
simple multiples of these. 

This law is the foundation of chemical investigation ; thus in- 
numerable analyses, and also especially the determinations of the com- 
bining weights of the elements, conducted in the most various ways 
and with the greatest possible care, show that this law holds good 
with practically absolute exactness for the union of the elements in 
all compounds which are shown to be genuine chemical compounds. 

The Molecular Hypothesis. — Although it appears entirely feas- 
ible to construct a methodical chemical system on the basis of the 
empirical laws of the exchange of matter and energy as given above, 
in which the empirical data can be comprehensively arranged, yet there 
has been added to these empirical laws a hypothesis concerning the 
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constitution of material aggregates, which, although advanced in ancient 
times, was first shown to be advantageous for a deeper and clearer 
conception of chemical processes by Dalton and Wollaston at the 
beginning of the last century, and since then has remained the 
guiding principle of Chemistry and Physics. In the light of this 
hypothesis, a material aggregate does not fill, continuously and in all 
points, the gross space occupied by it ; but is composed of particles 
of very small, but yet of Jinife dimensions, situated more or less 
distantly from each other, and called the molecules of matter. The 
fact that matter appears to fill space continuously, that the gaps 
between the separate molecules escape us, and that these, as such, 
are inaccessible to our immediate knowledge, much more to our un- 
biassed senses, are all easily explained by the smallness of the 
molecule, and by our inability to grasp such tiny dimensions. 

Whether the molecular hypothesis can bo reconciled with the actual 
facts, or whether it merely owes its origin to our existing inability at 
present to come at a deeper knowledge of natural phenomena from any 
other view — whether, perchance, the further building up of the doctrine 
of energy will lead to another and a clearer conception of matter, 
this is not the place nor the time to discuss. As a matter of fact — aiul 
this is the most important and only decisive test — the molecular 
hypothesis, more than any other theoretical speculation, has given 
powerful and varied assistance to every branch of natural science, and 
to chemistry in particular. Therefore, in the following presentation 
of theoretical chemistry, the molecular hypothesis will receive special 
consideration, and also in some cases it will bo introduced where, perhaps, 
one can advance as far without it as with it, but where by the intro- 
duction of molecular conceptions the demonstration gains in interest 
and brevity of expression. Even to our day, the further extension of 
the molecular hypothesis has borne remarkably great and unexpectedly 
fine fruit for the positive enrichment of our science; therefore why 
should we not ever strive to make our conception of the molecule more 
tangible, and at the same time provide our eyes with increasingly 
powerful microscopes for the consideration of this molecular world ? 

The Atom and the Molecule. — The first great result of the 
assumption of a discrete distribution of matter in space, was the simple 
and clear explanation of the law of constfint and multiple proportions, 
by its discoverer Dalton, through which the hypothesis, by one effort 
of modern science, arose like a phoenix from the ashes of the old 
Greek philosophy. 

The formation of a chemical compound from its elements, in the 
light of the molecular hypothesis, may be most easily conceived in 
this way, viz., that the smallest parts of the element enter into the 
molecules of the compound. Therefore these molecules must be 
divisible, and such a division takes place when a compoutid* decom- 
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poses into its elements* Thus we reach the assumption that a 
molecule does not continuously fill the space appropriated by it, but is 
an aggregate of discrete particles arranged in its total space. These 
particles we call “a/oms.” These atoms, by the union of which 
molecules are made, are all alike if they belong to the molecule of 
an element, but different if they belong to the molecule of a chemical 
compound. Only in the first case can it happen that a molecule may 
consist of a single atom. The force which binds the atoms in 
molecular union, we call the chemical affinity of the atom. To the 
action of this force we must primarily ascribe the fact that the 
properties of the atom vary so much according to the molecular com- 
pound to which they belong, and that their properties in the compounds 
are commonly so different from their properties in the free state. 

Many experimental facts support the obvious assumption that the 
atoms of one and the same element are equally heavy, and that the 
molecules of a uniform chemical compound have the same composition. 
Then plainly the relative weights with which the elements enter into 
a compound must be those according to which the atoms enter into 
the molecule ; and as a definite number of atoms always unite to form 
a molecule of a compound, so will the composition of this molecule 
always bo definite. Further, since molecules of all kinds of com- 
pounds always, contain a whole number of atoms, and usually not 
raa!iy, therefore the relative mights with which the elements enter into union 
to foim the different compounds^ must be either in the same ratios as the 
atomic weights^ or simple multiples of these. Experiment confirms these 
demands of the atomic theory to the greatest degree : the last state- 
ment contains the law of constant and multiple proportions, but it is 
an essential extension of this empirical statement, in that the com- 
bining weights, which are only obuined by experiment, are given a 
more obvious meaning. In the light of the atomic theory, the 
combining weights and the atomic weights miist obviously stand in 
simple ratios to each other ) the latter, however, cannot be ascertained 
with certainty without further experimental data. The discussion 
(Book II.) of atomic weight determinations will explain how the 
present values for the relative atomic weights (assumed accurate within 
the limits of experimental error) have been arrived at. 

The Table of the Elements. — Since we cannot obtain the 
absolute atomic weights from the stoichiometric combining ratios, but 
only the relative figures, a unit must be chosen. Dalton took the 
atomic weight of hydrogen as unit, as it was the smallest of all the 
elements. But as the exact determination of the relative combining 
weights of the other elements compared with hydrogen offers ex- 
perimental difficulties, and furthermore, as most combining weights 
of the elements are determined from oxygen compounds, Berzelius 
made the atomic weight of oxygen the basis, and placed it at 100, in 
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order to have no atomic weight less than unity. Kecently there has 
been a return to Dalton’s unit for many reasons ; but there still e;?tists 
the disadvantage that the ratio in which hydrogen and oxygen unite 
to form water has not yet been determined with satisfactory exactness 
(at the most to- one part in a thousand) ; and therefore, after every 
new determination of this ratio there must follow a recalculation of all 
the atomic weights. How luisatisfactory it is to work with atomic 
weights of fluctuating value is obvious. The fact that it is so very 
hard to obtain pure hydrogen, and to weigh it with satisfactory 
accuracy, explains the great difficulty of a sharp determination of its 
combining weight. Therefore from different sources a proposal has 
been made by way of compromise, which is now practically universally 
accepted. The ratio of the atomic weights of hydrogen and oxygen is 
nearly 1 : 1 6 ; if then we assume the atomic weight of oxygon as the 
normal, and not 1, but , 

0 = 16 - 000 , 

then the atomic weight of hydrogen will be nearly but not exactly 1, 
and we unite the advantages of the units chosen by both Dalton and 
Berzelius ; thus we are entirely relieved from the necessity of changing 
the atomic weight of all the other elements, after every more exact 
determination of the composition of water. 

In the. following table the elements are arranged in alphabetical 
order with their symbo|j; and their atomic weights according to the 
International Atomic Weight Commission.^ 

^ Jowm. Chem, iS’oc. 


[Tabi,k 

V 
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Aluminintn 

Antimony 

Argon 

ArHonio . 

Bariuin . 

Beryllium 

Bismuth . 

Boron 

Bromine . 

Ca<huiutn 

Oaisium . 

Calcium . 

Carhon 

Cerium . 

Chlorine . 

Chromium 

Cobalt 

Copper 

Dysprosium 

Krbium . 

Kuropium 

Fluorimj . 

OadoUniuin 

(ialliuni . 

Qerniauium 

Gold 

Helium . 
Hydrogen 
Indium . 
Iodine 
Iridium . 
Iron 

Krypton . 

Laiithamim 

Lead 

Lithium . 
Magnesium 
Manganese 
Menuiry . 
Molybdonutn 


Symbol. 


Al 

! 27-1 

Sb : 

120-2 

A i 

39-88 

As 

74-96 

Ha 

137*37 

Be 

9-1 

Bi 

208*0 

i 

11*0 

Br 1 

79*92 

Ci\ 

112*4 

C« 

132-81 

Ca 

40-09 

0 

12-00 

(3e 

140 “25 

Cl 

i 35*46 

Cr 

52*0 

Co 

58*97 

Cu 

63 *.57 

Dy 

162 -.5 

Kr 

167-4 

Ku 

152-0 

F 

19-0 

Gd 

157-3 

Ca 

69-9 

Ge 

72-5 

All 

197-2 

Ho 

3-99 

H 

1-008 

In 

114-8 

1 

126-92 

Ir 

193-1 

Fe 

.55-85 

Kr 

82-9 

La 

139-0 

Pb 

207-10 

Li 

6-94 

1 Mg 

•24-32 

Mu 

54-93 

Hg 

200-0 

Mo 

96-0 


i^ubstance. 


Neodyniiiiiii 
Koon 
Nickel . 
Niobium . 
Nitrogen . 
Osntiuiii . 
Oxygen . 
Palladium 
Phosphorus 
Platinum . 
Potassium 
Praseodymium 
Radium . 
Rhodium . 
Kuhidium 
Ruthenium 
Samarium 
Scandium 
Selenium . 
Silicon 
Silver 
So<lium . 
Strontiiim 
Sulphur . 
Tantalum 
Tellurium 
Terbium . 
Thallium. 
Thorium # 
Thulium . 

Till . 

Titanium 
Tungsten 
Uranium . 
Vanadium 
Xenon 
Y tterbium 
Yttrium . 
Zinc 

Zirconium 


' Symbol, j 


1 Nd 

144*3 

; Ne 

20-2 

i Ni 

58-68 

' Nb 

93*5 

i N 

14*01 

I O.s 

190*9 

1 0 

16*00 

Pd 

106*7 

P 

31*04 

IT 

195-2 

K 

39-10 

Pr 

140*6 

Ra 

226*4 

Rh 

1 102*9 

Rb 

85-45 

Ru 

101*7 

Sm 

150-4 

Sc 

44*1 

! Se 

79*2 

1 Si 

28*3 

Ag 

107*88 

Na 

23*00 

Sr 

87*63 

S 

32*07 

Ta 

181 

Te 

127*5 

Tb 

159-2 

T1 

204-0 

Th 

232-0 

Tm 

168-5 

Sn 

119*0 

Ti 

48-1 

W 

184-0 

U 

238-5 

V 

51-06 

X 

130-2 

Yb 

172-0 

Y 

89-0 

Zu 

65-37 

Zr 

90-6 


Olassi&cation of Natural Processes. — Natural changes have 
long been grouped into physical and chemical ; in the former the com.- 
position of matter usually plays an unimportant part, whereas in the 
latter it is the chief object of consideration. From the point of view 
of molecular theory a physical process is one in which the molecules 
remain intact, a cliomical process, one in which their composition is 
altered. This classification Inis real value, as is shown by the ex- 
tremely wide separation of physics and chemistry, not only in teaching, 
but in methods of research : a fact that is all the more striking as 
both sciences deal with the same fundamental problem, in reducing 
to the simplest rules the complicated phenomena of the external world. 
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That, however, a separation of the two sciences cannot be advanti^eous 
in the long-run, appears to enjoy general recognition at the present 
time when physicists and chemists are busily engaged in cultivating 
together the common ground of their sciences. 

But since thermodynamic laws appear to be applicable to all the 
phenomena of the external world, the question arises, whether pro- 
cesses occurring in nature cannot be classified according to their 
thermodynamic properties. As a matter of fact, a consideration of 
our fundamental formula (p. 23) 


A-U = T 


dA 

dT 


draws attention at once to the following special cases : — 

1 . U = A ; the changes in free and total energy are equal. Then the 
temperature coefficient of A and therefore also of U is zero, i,e, 
temperature does not influence the phenomenon in question^ at least not as 
regards its thermodynamic properties. Conversely, if the last con- 
dition is fulfilled A = U. This behaviour is shown by all systems in 
which only gravitational, electric, and magnetic forces act ; these can be 
described by means of a function (the potential) which is independent 
of temperature. Also in most chemical processes A and U are 
approximately equal (see Book IV. Chapter V.), 

dA 

2. U = 0, so that A = or A is propmiional to the absolute 


temperature. The expansion of a perfect gas and mixture of dilute 
solutions are instjinccs of this behaviour, in which the influence of 
temperature comes out the most clearly (gas thermometer). 


3. A = 0, and therefore U - 


qn^dA 

dT* 


This condition can only occur at a single point of temperature ; 
but A can he small in comparison with U over a considerable range of 
temperature. As then the percentage variation of A must bo large, 
the influence of temperature must he very marked in such cases (evapora- 
tion, fusion, dissociation, i.e. all properly “physico-chemical” 
phenomena). 

Case 3 is of course not so strikingly simple, and does not bring 
to life such important hypotheses as Case 1, which introduced forces 
of attraction into science, and Case 2, which was decisive for the 
development of the molecular theory. 

The case U = 0 and A = 0 would not be a process in the thermo- 
dynamic sense. Such cases, however, exist and are of importance 
(movement of a mass at right angles to the direction of gravity, 
passage of one optical isomer into the other, etc.), so it appears that 
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though thermodynamics suggests important points in the classification 
of phenomena, it is too narrow ^ to cover the whole. 

The Principle of Arrangement.— As we have thus obtained a 
general glimpse in this introductory sketch, a few words may here be 
added to explain the division of the material to be considered in the 
following pages. It is to be treated in a series of four books. In the 
first we will consider the universal j)rofperties of matter, devoting our- 
selves almost exclusively to the basis of facts experimentally verified 
from all sides ; the doctrine of energy will also here do useful service, 
inasmuch as it will not only throw light upon the empirical data, but 
also very often will broaden and deepen the results of observations. 
The second book is devoted essentially to developing the molecular 
hypothesis, and, accordingly, more than the first, which is on the whole 
physical, leads us into the region of questions characteristically 
chemical ; here will be specially considered the relations between 
chemical composition and physical behaviour. 

As we shall have studied the systems thus considered, in the 
light respectively of their properties of matter or of energy, we will 
then direct our main attention to the changes which they undergo 
under the action of chemical forces, and the conditions under which 
these forces find themselves in equilibrium. The last two books are, 
accordingly, devoted to the doctrine of affinity, and, according to the 
twofold nature of chemical decompositions, which alter on the one 
hand properties of matter, on the other properties of energy, we will 
consider in the third book the transformations of matter, in the fmirth 
the transformations of energy, 

^ This of oourao is due to the fact that the two laws of tlierniodynamics are 
insuilicient as an explanation of nature (e.//., they take no account of the course of 
phenomena in time) ; unlike the molecular theory, in which such a limitation has not 
80 far been shown to exist. 
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THE UNIVERSAL PROPERTIES OF MATTER 


CHAPTER I 

THE GASEOUS STATE OF AGGREGATION 

The Universal Properties of Oases. — Matter occurring in the 
gaseous state has the property of completely filling all available space, 
and, if not acted upon by any external force, as gravity for example, 
of filling it at all points with equal density. The gas particles are 
easily displaced relatively to each other, and this very small internal 
friction makes it easy to give a gaseous mass, the volume of which is 
constant, any desired form without noticeable expenditure of work ; 
the vessel in which the gas is kept, by its shape and capacity, alone 
determines the form and density of the enclosed gas. 

But a change of volume, and the associated change in density, calls 
for an important expenditure of work. Now, since gases have the 
tendency to occupy the greatest amount of space possible, or, in other 
words, as a result of this tendency, to exert a pressure on the walls 
of the enclosing vessel, therefore by diminishing their volume external 
work must be performed, and by an increase of their volume external 
work is gained. 

In their reciprocal relations gases are characterised by unlimited 
reciprocal permeability : gases most dissimilar in composition can bo 
mixed in all proportions ; and for this there is needed no expenditure 
of external work, but it is rather a process which takes place “ of its 
own accord,” and therefore it can perform external work when 
properly employed. 

A further characteristic, at least under ordinary experimental 
conditions, is the very slight density exhibited by matter in the 
gaseous state ; thus 1 c.cm. of atmospheric air, under atmospheric 
pressure at 0**, weighs only 0*001293 times as much as 1 c.cm. of 
water. But this is not an essential characteristic of the gaseous 

87 . 
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condition, since under certain conditions, by raising the external 
pressure, we can give a gas any desired density ; but by reason of the 
great tenuity of matter, which we meet with in the case of gases not 
too strongly compressed, there results a very pronounced simplicity 
of the laws which control both their physical and their chemical 
relations, — laws, moreover, which are of fundamental significance in 
the development of our conceptions of matter and of energy, and 
also for our conceptions of chemical processes. As we shall make 
continual use of these gas laws, they will be enumerated below, in a 
form suited for subsequent application ; in a later section reference 
will bo made to the changes which these laws experience in the case 
of gases compressed to a great density. 

The Laws of Oases. — 1 . The p-essure p, and the volume v, at 
constarU temperature^ are inversely proportional to each other ^ i.e. pv = a 
constant (law of Boyle and Mariotte). If we bring successively into 
the space of one litre, 1, 2, 3, ... to n grams of oxygen, then we 
obtain 1, 2, 3, ... to n-fold pressure respectively ; every gram of 
oxygen presses as much on the enclosing vessel as though it were 
there alone. We can express this result thus : — the pressure of 
a gas is proiK)rtional to its concentration, provided its temperature he 
constant. 

2 . Aa a result of a rise in temperature^ the jmssure of a gas at constant 
volume (pi\ what is identical in the light of the first law, the volume of a gas 
at constant p'essure) increases by an amount which is independent of the 
nature of the gas and of the initial temperature^ the increase of pressure 
corresponding to a rise of T C. being [ = 0*003663] of that 

pressure which the gas exerts at the same volume at 0'’. Accordingly, 
at the temperature t^, if p^ and V 0 denote respectively the pressure 
and volume at 0 '’, then the pressure which the gas exerts at the 
constant volume Vq, is 

P = Po(l + 273) = PoO + 0-003663t); 

and the volume which the gas wo\ild assume, at constant pressure p^, 
would be (law of Gay-Lussac) 

V-Vo(l -^0-003663t). 

When pressure and volume both change during the heating, if at 
t° they amount respectively to p and v, then, according to the first 
law, 

p = P''«> and v = V^: 

V p' 

and if by one of these equations we eliminate P and V in the equa- 
tions given above, we obtain 

pv = PnVn(l + 0-00366 3t), 
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we reckon from ~ 273"^ instead of from O'", we obtain 


pv = P^«T, 

in which T~273° + t°, and its factor is a constant for any given 
quantity of gas. 

3. When different gases unite chemkalhjy the rolanm of the reacting 
gasesy measured of course under similar conditions, hear simple ratios to each 
other, and the volume of the resulting compound, if gaseous, also stamis in a 
simple ratio to the volumes of its components (law of Gay-Lussac). 

4. The total pressure exerted by a gas mixture oa the walls of a vessel, 
is equal to the sum of the qrressures which each gas singly umdd exert 
(Dalton’s law). 

The laws given above are the immediate expression of experi- 
ment ; as to their universal validity, it can at once be shown that they 
are not absolutely correct, but that they sutler variations (at most very 
slight), which, however, increase, the greater the pressure and the lower 
the temperature. Moreover, they are not free from great exceptions, 
inasmuch as there are gases (as for example nitrogen dioxide, iodine 
vapour at high temperatures, etc.), which certainly cannot be com- 
pressed proportionally to the external pressure, and which do not 
expand in proportion to their distance from the absolute zero. But 
in all these cases it has been shown, as we shall sec by the laws of 
dissociation, that the change of volume or temperature is accompanied 
by a chemical decomposition, and that if we take this influence into 
consideration, the laws of gases preserve their full validity, at least 
with variations of small amount. 


The Hypothesis of Avogadro.— To explain the fact that the 
union of gases always occurs according to very simple proportions by 
volume, Avogadro (1811) advanced a hypothesis which, after much 
opposition, has come to be recognised as an important foundation 
of molecular physics, as well as of all chemical investigation. 
According to this hypothesis, all gases under the same rmulitions of 
temperature and pressure, in unit volume, have the same number of 
molecules. Thus the densities of gases, measured under the same 
external conditions, have- the same ratios to each other as their 
molecular weights. 

Naturally this hypothesis can no more be absolutely proved than 
the molecular hypothesis ; but it appears at the outset very plausible, 
as it explains in the simplest way the validity of the third law of 
gases. Further, the numerous results which have been obtained in 
consequence of its application, are telling witnesses in its favour; 
molecular weights inferred from investigations of a purely chemical 
character, are commonly in surprising accord with those reckoned from 
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th6 vapour density of gases. The kinetic theory of gases, as will be 
further shown in detail, leads, in an entirely independent way, to the 
same assumption. The usefulness of the hypothesis is further cleaiiy 
brought out by the fact that, as will be shown in the theory of 
solutions, it can be applied to the case of substances occurring in very 
dilute solution, and has proved itself here to be of an adaptability 
hitherto unforeseen. Finally, a fact which speaks convincingly in 
favour of the hypothesis, is that it has been applied with success to 
cases which were formerly supposed to be noted exceptions, i.e. to 
cases of abnormal vapour densities, as will be explained in the 
description of the dissociation phenomena of gases. 

By the help of Avogadro^s rule, the laws of gases ^ can be summed 
up in the following form : — 

If we take a gram-molecule of the various gases into consideration, 
if. the molecular weight expressed in grams, as for example 2g. Hg, 
32g. Og, 18g. HgO, etc., then for any mass of gas there exists the 
following simple relation between p, v, and the temperature T, 
counting from ~ 273^ : 

pv = ^^T~KT, 


m which the factm' R is only conditioned hy the unit of measure chosen^ but 
is independent of the chemical composition of the gases in question. 

According to measurements of the density of various gases the 
pressure which a gram-molecule, or mol (as it is now called) of a gas 
at 0° would exercise is 22’412 atmospheres, i.e. 22*412 x 760 mm. 
of mercury at 0^ measured at sea-level and latitude 45°, when the 
gas occupies one litre. Hence 


22-412T 
" 273 - = 


0-08207T. 


The numerical factor occurring in this equation, — an equation 
which finds abundant application in the most varied calculations, — is 
probably determined with great accuracy. In the following we shall 
use the round value 0*0821. 

Tlie following observations starve for calculating the gas constant. 
According to the measurements of Hegnault, Joly, Leduc, and Rayleigh, the 
densities of the following guises at 0“ and 760 mm. at sea-level and 45“ 
latitude are : ^ — 


^ According to Ouldberg (1867 ; cf. Ostwald’s Klasstker^ No. 189, p. 6) and Horstman, 
Berf. Bei\ 14. 1248 (1881). 

® For the gravity correction see Lamlolt and Bornstein, PhgsiktUische-ch^mische 
Tabellen, 3rd ed. p, i?, table 6 If, 
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Oaa. 

M. 

Density. 

Pe- 

Hydrogen 

2*016 

89*88 X 10-” 

22*43 

Oxygen 

! 82*00 

1429*1 

22*39 

Nitrogen 

1 28*02 

1260*7 ,, 

22*40 

Nitric oxide . 

30*01 

1842*65 „ 

22*86 

j Carbon monokide . 

28*00 

1250*7 ,, 

22*44 

1 Nitrous oxide 

' 44*02 

1970*6 „ 

22*34 ) 

! Methane 

16*04 

714*64 „ 

22*44 

1 Ammonia 

1 17*07 

762*1 „ , 

22*39 1 




. - 



Of course only sucli gases are available for calculating R as follow tbo 
laws of gases closely, and in particular have the normal coefficient of 
expansion 

Dividing 1000 times the density (t.c. mass of a litre) by the molecular 
weight M we obtain the numbers given under p^, i.e, pressure in atmospher(*s 
of a mol contained in one litre. As at latitude. 45“ the acceleration of gravity 
is 980*6 and the density of mercury at 0“ is 13*696, the. atmosphere is 

76 X 980*6 X 13*696 = 1,013,260 absolute units. 

The densities of the first three gases have been measured with i*cmark- 
able agreement by a muuber of experimentalists ^ (Rt‘gnault, Joly, Leduc, 
Rayleigh, Morley, etc.), the rest are from the observations of Rcguault. The 
mean of the first three values for p^ is 22*41, of the others 22*40. We 
shall adopt the value 22*412.^ In a similar way D. Berthelot arrives at 
the niimb^ - 273*09'’ as the most probable value of the zero point on the 
absolute temperature scale. 

The density of atmospheric nitrogen (containing argon) is 1257*1 x 10 '” 
from which pjj= 22*29. The difference between this value and 22*41 would 
have been sufficient — if there had been more trust in the gas laws — to 
indicate an impurity in the nitrogen, and so lead to the discov(‘.ry of argon. 

If n mols of different gases are under the pressure P, and if they 
fill the volume V at temperature T, then, of course, in the sense of 
Dalton’s Law 

PV = nliT. 

The counting of the temperature from - 273*09'’ or roundly 
- 273° is called the absolute temperature scate^ and T the absotuU 
temperature. If we regard the gas equation as available oven for very 
small values of T (and whether this is allowable or not is of course 
irrelevant in its practical application), we arrive at the result that a 
gas cooled to - 273° Centigrade would exert no pressure on the walls 
of the containing vessel \ this point is called the “absolute zero.” 

The formula given above, by means of the mechanical theory of 

1 See Lord Rayleigh, Chem, News, 67. 188, 198, 211 (1893). 

* D. Berthelot, Zeilschr. fUr EUktrochem. 10. 621-29 (1904) ; cf. aUo Book 11. 
Chapter III, Section ** Calculation of Atomic Weighta.” 
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heat, is applicable to a number of most diverse processes, since the gas 
law was employed to ascertain the convertibility of heat into external 
work (p. 20). The gas equation is implicitly contained in all thermo- 
dynamical formulse, in which the “absolute temperature” almost 
always plays an important part. Scarcely any empirical law of 
nature has as yet been applied to such an extent as the law expressed 
by this gas equation. 

The Oontent of Energy of a Gas. — If one connects two vessels 
containing gas at different pressures, so that an equalisation of 
pressure between the vessels takes place, but with no performance 
of external work, then in this process heat will he neither developed nor 
absorbed (Gay-Lussac, Joule, Thomson) ; the same result is obtained 
if a vessel is exhausted by an air-pump. 

This result, expressed most simply in the language of thermo- 
dynamics, states that the content of energy of a gas is independent of its 
volume. 

If two vessels which contain two different gases ari^ put in com- 
munication with each other, these gases begin at once to diffuse into 
each other, and the final condition consists in a complete equalisation 
of the difference in composition. In this process also, i.e. in the 
mixing of two gases, neither development nor absorption of heat is 
observed, provided, of course, that no chemical action takes place. 
The content of energy of a gas mixture is accordingly equal to the sum of 
the energy-contents of the ingredients. 

These laws are of fundamental importance for the thermodynamics 
of gases ; they are, like the laws mentioned above, available only in 
the case of ideal gases, and become the more inexact the lower the 
temperature and the higher the pressure of the gas in question. 

The Specific Heat of Gases. — Experience has shown that the 
quantity of heat which must be imparted to a definite quantity (by 
weight) of a gas, in order to raise its temperature F, varies accord- 
ingly as the heating takes place at constant pi'essure^ or at constant 
volume ; in the first case the increase in temperature causes an increase 
in volume, in the second an increase in pressure, to the amount of 
^ of the values which these magnitudes possess at O'" — according to 
the gas laws. 

Accordingly we must distinguish between the specific heat of a 
gas at constant pressure and that at constant volume. In the case of 
ideal gases, the difference of the two molecular heats is 

Cp-Cv=l-985; 

the molecular heat being the heat capacity of one mol of gas ; i.e. 

Cp ~ Mcp and Gy = Mcy, 
where M is the molecular weight of the gas. 
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Molecular heats at constant pressure can be measured in the 
following ways : 

(1) The most direct application of the ordinary method of mixture 
consists in passing the heated gas through a spiral tube immersed in 
water in a calorimeter, and determining the amount of heat given 
up in cooling, Delaroche and B6rard first worked with this method 
(1811); then, more extensively, Regnault (1853), and E. Wiedemann 
(1876), who considered especially the influence of temperature on 
the specific heat of gases. In recent years this method has been 
worked out for experiments at higher temperatures by Holborn and 
Henning (1907). It can be greatly simplified if we confine ourselves 
to measurements of the relative heat capacities of different gases by 
passing them through a calorimeter under as nearly as possible 
identical conditions (Nernst, 1910; Thibaut, 1911). 

(2) A stream of gas is heated by an electrically heated platinum 
wire, and the rise of temperature measured by the increase in 
resistance of a second wire ; the molecular heat can then be calculated 
from the rise in temperature, velocity of the stream of gas, and the 
electrical energy employed (Callenclar, Swann, 1909; Scheel and 
Hense, 1911). 

Molecular heats at constant volume can be determined as 
follows : 

(1) A vessel containing the gas is heated to a known temperature 
and then cooled by immersion in a calorimeter : exact determinations 
by this method are difficult, since the heat capacity of the vessel must 
be subtracted from that of the system in order to obtain that of the 
contained gas, and the heat capacity of the vessel is much greater 
than that of the contained gas. Joly, however, overcame these 
difficulties when the gases were sufficiently condensed. 

The method is very accurate at low temperatures when the heat 
capacity of the vessel can be made very small, and the vessel itself 
heated electrically in a vacuum (Eucken, 1912). 

(2) A method used by Bunsen in 1867 is extremely useful at 
high temperatures. An explosive mixture, for example oxygen and 
hydrogen, is mixed with various indifferent gases, exploded in a 
sealed bomb, and the maximum pressure of the explosion measured. 
From this can be calculated the maximum temperature, and hence 
the capacity for heat of the gas mixture, since the heat of the 
explosion is known from thermochemical data. A correction must 
be made for the heat given up to the walls of the bomb ; it is in- 
considerable owing to the velocity of the explosion, and can be either 
calculated from observations of the rate of decrease of pressure after 
the explosion, or determined experimentally with fair accuracy by the 
use of various large containing vessels. This method was employed 
by Berthelot and Vieille, Mallard and le Chatelier, and more recently 
especially by A. Langen (1903). A painstaking series of experiments 
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enabled Pier,^ however, to show that in all previous experiments the 
maximum pressure obtained was too small owing to the inertia of the 
manometer employed. By using a membrane with a high period of 
vibration, the deformation of which could be recorded photographically 
with the help of a small mirror of practically no inertia, he was able 
to measure the true change of pressure during the explosion, and to 
determine accurately the maximum pressure obtained. In this way 
the specific heats of numerous gases up to very high temperatures 
were determined. The method was subsequently further improved 
by Bjerrura.'-^ 

(3) Another method, somewhat similar to the above, proposed by 
the author and worked out by F. Voller (1908), is to heat electrically 
with a thin platinum wire a known mass of gas contained in a vessel, 
and to record photographically with the aid of a manometer the 
resultant rise in pressure. The heat capacity of the gas is then 
deduced from the calculated rise in temperature, and the electric 
energy employed in heating the gas. 

Finall}'’, a third series of methods depends on the determination 
of the ratio 



and the combination of the result with the equation 

Cp~Cv=l'985 

by means of which both Cp and Cy can be obtained. (See the 
following paragraph.) 

Tlie results obtained by these methods will be considered in the 
chapter on the Kinetic Theory (Book II. Chapter II.). 

The Thermodynamics of Oases: First Law.— As we have 
thus in the preceding sections familiarised ourselves with the most 
important empirical facts, to a knowledge of which we have been led 
by the experimental study of the behaviour of gases, we will now con- 
sider them from the standpoint of thermodynamics, which will both 
strengthen and extend them. It must be emphasised here that the 
results so obtained are not inferior in accuracy to the empirical facts 
on which they arc bjised. 

The law of the conservation of energy (p. 7), insists that the change 
in total energy which a system experiences through any event, is 
independent of the way by which it passes from the one to the other 
condition. Let us consider 1 mol of any gas enclosed in a vessel of 
volume V, which can be brought into communication with a second 
vessel of volume v' ; and let us imagine that this system passes in 

1 Zeitschr, /. EleMrocheiAie (1909), p. .637 (1910), p. 897. 

^ ZeiUcht, physikal, Ckem. 78 . 513 (1912). 
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the two following ways from the same initial to the same final 
condition. In the first way, the mol of gas, which originally occupies 
the volume v, is wanned 1° in temperature, and then a communication 
established between the two vessels. In the second way, communica- 
tion is established at once between the two vessels, and then the gas, 
which now occupies the volume v + v', is warmed 1®. In neither case 
is the flowing over of the gas from the full to the empty vessel 
accompanied by any change of energy — either the performance of 
extornal work, or the development of heat — since the content of 
energy of a gas is independent of its volume (see p. 42) ; and in both 
cases the change of energy consists solely in the amount of heat which 
must be introduced to raise the temperature of the gas 1°. But in 
both cases the quantity of heat is equal to the molecular heat of the 
gas at constant volume, and the only difference is that in the first way 
the gas is warmed at the volume v, in the second at the volume v + v'. 
The two quantities of heat must be equal to each other, t.r. il^e molecvlar 
heaty and of amrse the specific heat alsoy of a gas at constant volumey is inde- 
pendent of the volume at which the warming occurs. 

If 1 mol of an ideal gas is changed from the volume v to that of 
V + v' by connecting a vessel of volume v which holds the g.-mol with 
an empty vessel of volume v', then there occurs no change in the total 
energy; but, as in the case of every automatic process, there is a 
decrease of the free energy, and it can therefore be used to do external 
work. The only question is to find a mechanism which will yield the 
maximal work, as is necessary for the application of the second law. 

Such a mechanism is easy to find in this case : a cylinder closed 
at one end by a strong head, and shut at the other by a movable air- 
tight piston, will satisfy the demands. When wo raise the piston the 
enclosed gas does work because it presses on the piston from within ; 
when wo lower it we must overcome the gas pressure. If the cylinder 
is only capable of sufficient expansion we can bring the enclosed gas 
to any desired volume; and that by means of this apparatus we really 
obtain the maximal work capable of being obtained in the expansion, 
we may know by the fact that in a compression we must apply the 
same amount of work which we obtain in the corresponding dilation. 
Thus the mechanism described is “reversible.” 

When a gas expands without performing external work no thermal 
effect is observed ; but if, by the apparatus above described, the 
expansive force of a gas is used to do external work, then the gas 
must lose the equivalent amount of energy ; and conversely, if the gas 
is compressed it must absorb an amount of energy equal to the work 
of compression. Therefore, by the application of the law of the con- 
servation of energy to the ideal gas, we obtain the result, that a gas 
when expanding absorbs hexU equivaleni to the external work itperformSy and 
when being compressed evolves heal equivalent to the external work spent on it. 

Jjkt lift nnw imAcrino 1 mol of a eras, enclosed in the evlinder above 
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described, to be warmed V by the addition of heat; in general, the 
pressure exerted by the gas, as well as the volume occupied by the 
gas, will vary with the temperature ; themmount of heat necessary for 
a definite elevation of temperature will, therefore, also vary according 
to the maimer in which these values change, as is shown both by 
experiment and by a consideration of some conclusions from the 
law of the conservation of energy. Most easily considered are the 
two following limiting eases: — ^Firstly, we will add to 1 mol of a 
gas the amount of heat Cp, required to raise it 1° in temperature, the 
warming being so conducted that the pressure remains constant : or, 
Secondly, wo will add to 1 mol of a gas the amount of heat Cv 
rerpiircd to raise it 1°, the warming being so conducted that the 
volume remains constant. These quantities of heat, Cp and Cy, as 
already observed, are called respectively the molecular heat at constant 
pressure and the molecular heat at constant volume ; by division by the 
mol wt. of the gas in question, we obtain respectively the specific heat 
at constant pressure and the speeijk heat at constant volume. 

In order to obtain the relation between these two specific heats, 
on the one hand we heat the mol of gas, whose volume is v, through 
1'" at constant pressure; this requires Cp g.-cal. But since the gas 
expands during the heating, and, indeed, overcomes the constant pres- 
sure p which is weighting it down, so at the same time external woili 
will be performed, which is found by the product of the pressure and 
the increase of volume ; and since the former is p, and the latter is 
V pv 

it amounts to If, on the other hand, we heat the gas at con- 
stant volume, there occurs no performance of external work, and it 
requires only the addition of Cy g.-cal. 

Now, according to the law of the conservation of energy, 

or if wo combine with it the gas equation (p. 40), 

pv = RT, 

we get 

Cp-R=Cy. 

If the molecular heat is expressed in cal. the constant R must be 
also so expressed. 

Now, if wo express p in atmospheres and v in litres, then 
pvr=0*0821T, 

and therefore 

p - o Aftoi litre-atmospheres 
R- 0-08.1 Celsius • 

The left side of the equation, which represents the product of pressure 
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and volume, is a quantity of energy which we estimate according to 
the method given above in litre-atmospheres (p, 12); in order to 
transform it to g.-cal. we r<imember that 


and then 

and consequently 


1 litre-atmosphere = 24 ‘19 g. cal., 
pv = 0‘0821 X 24-19T=l*985T, 


E= 1*985 


cal. 

degrees Celsius 


The difForence of the two molecular heats, therefore, amounts to 

«* 

1 

C,.-Cv = 1-985 , ‘ 

^ degrees Cel. 

and the diflerencc of the specific heats will be 


Cp Cy 


1*985 

M"' 


Since, for the calculation of litre-atm. in g.-cal. the mechanical 
equivalent of heat must be known, so conversely this equivalent of heat 
can be determined from the difference between these two specific heats 
of a gas. As is well known, this is the way used by Mayer in 1842. 

The relation . between Cp and Cy can also be clerivtd from tlu* equation 
of p. 9 — 

av jaT' 


If we apply this to one luol of gau, and n'liieiiilKsr that liei'u 

oU KT 0v n 

ov ^ p ol p 

it follows that 

Cp-Cy-R. 


The Ratio of the Specific Heats of a Gtes.— The application 
of the fii-st law of thermodynamics to the ideal gas has led further 
to two very important experimental methods, which make possible a 
fairly exact determination of the quotient 


1. The Method of Clement and Dksormes. — In a large glass 
globe is enclosed the gas to be investigated under the pressure P^, 
which is made a little greater than the atmospheric pressure P. The 
globe is opened for an instant so that the pressure in the interior of 
the vessel sinks to that of the atmosphere, and then is closed again 
as quickly as possible. In consequence of the expansion the gas has 
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somewhat cooled ; heat will therefore flow in from without, and conse- 
quently the pressure in the interior of the vessel will increase a little 
over that of the atmospheric pressure, to the value P^. 

We develop the formula for the case when (and therefore of 
course Pg also) ia only very slightly different from P, so that if we 
make 

Pi = P + Pi» 

Pg = P + p2> 

then Pi and pg are very small in comparison with P, a proviso which 
must be realised in practical experiment. 

If V is the volume of the glol>e, then on opening it at atmospheric 

pressure P, the volume V x p (measured at P and T) escapes, 

and accordingly performs the work V(p| - pg) against the atmospheric 
pressure. This amount of work corresponds to the cooling of the gas 
in consequence of the outflow : on the assumption that, at the moment 
of the outflow, the quantity of heat introduced to. the gas from without 
is vanishingly small, or, as we say, that the dilation occurs “ adiabatic- 
ally,*^ then the amount of undercooling, by which the gas sinks 
below the temperature of the experiment T, can be calculated from 
the equation 

T"P* 

since, in consequence of the subsequent reheating from T - 1 to T, 
which was caused by the heat coming in from without after closing 
the vessel, the pressure of the gas increased from P to P + pg. This 
reheating took place at constant volume ; and as there were contained 
in the vessel 

PV 

n = j^fpg.-mol (p. 41), 

80 accordingly there was introduced 

4T^v = ^CvCal., 

which must correspond to the work performed by the gas, and 
calculated above [viz. V (p^ - pg)] ; hence, if we express this in 
calorimetric units, we have 

Pl-P2=K^V. 

This equation will serve for the experimental determination of 
Cv ; if we multiply it by the equation developed above on p. 46, viz. 

Op-C^ = R, 
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we shall have 


k = 


2p= Pi . 

Cy P, - Pi 


In consequence of the unavoidable fact that, during the outflow, 
the undercooled gas extracts heat from the walls of the vessel, the 
value found for t, and accordingly that for p^, and also that for k, 
will come out too small. Those sources of error can be, however, 
reduced to a minimum by operating with as large a globe, and as 
small differences of pressure, as possible. In this or in a slightly 
modified way Rdntgon (1870) found for dry air k = 1*4053, Lummor 
and Pringsheim (1894) k= 1*4015, Maneuvrier and Fournier (1896) 
k = 1*395. 

2. The Method of the Velocity ok Sound Wavrs (Dulong, 
Kundt). — According to a formula first developed by Laplace, the 
velocity, u, of transmission of a wave is given by the following 
equation : 


whore d is the density of the gas in question. The ratio of the 
velocity of sound iq and u^ in two gases with the densities dj and d^, 
when measured under the same conditions of pressure and tempera- 
ture, is therefore 

/kjdg 

1^“” V k,dV 

or if we replace the densities of these gases by their respective mol. 
weights (M^ and Mj), 

/k^M, (» 

V k.,M, ■ 

Now the ratio of two wave velocities is cfipable of exact measure- 
ment by a method given by Kundt. If the clamped glass ro<l, (i 


Mill 1111111,1111111111.111 1 i n] 



Fifr 2. 


(see Fig. 2), be rubbed with a slightly moistened cloth till it sounds 
its longitudinal tones, the air contained within the glass tube will be 
thrown into stationary waves which can be rendered visible to the 

* Since pressure and density are proportional, the velocity ix independent of pres- 
sure ; in the above formula, therefore, only equality of temperature is angumed. 

* Pegg, Ann, 127. 497 (1866) ; 135. 337, and 627 (1868). 
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eye and easily measurable by the introduction of fine dust (as cork- 
powder, precipitated silica, etc.). By adjusting the stop E, which 
closes the end of the tube, the point at which the stationary waves 
are most sharply defined can be easily found. The distance 1 
between two nodes is proportional to the velocity of sound in the gas. 

The ratio for the specific heat of any desired gas, of mol. wt. M, is 
thus obtained by comparison with the similarly determined value for 
atmospheric air (viz. 1 *402), from the equation 

k- 1*402 

when Ij and 1, are the node intervals for the gas in question and for 
air respectively, measured under the same conditions of temperature 
M 

and pressure ; instead of we may write the vapour density. 

Bchn and Geiger ^ greatly improved this method by substituting 
for the rod G, a glass tube, sealed at both ends, containing the gas 
under investigtition. The period of vibration of the tube can then 
bo altered by fixing on small pieces of metal until a good formation 
of the dust figures inside the tube is obtained. The distance 
between the nodes in the tube filled with air is then measured at the 
same time. In this way, as Keutel 2 has shown, the gas can be easily 
investigated at different pressures, and the value of k at infinite 
dilution extrapolated. This is really necessary for the strict applica- 
tion of the above formulae, and at the same time it gives us the 
molecular heat of the gas in the ideal state, which is of great 
importance from a theoretical point of view. 


The Thennod3mamics of Oases : Second Law. — The applica- 
tion of the second law of thermodynamics will in this case teach us 
nothing new, since we actually derived the quantitative side of this 
law from the relations of an ideal gas to pressure and temperature, 
after learning that experiments conducted in any special system could 
bo at once generalised. At the same time it is instructive to reverse 
our steps and convince ourselves how the general equation 


A-U = T 


dA 

dT 


is to be manipulated in this case. 

The process which we will consider will be the flowing over of a 
gas from a full to an empty space, and let the volume of 1 mol 
increase from Vj to v, : the change of total energy is equal to zero 
(p. 42). 

U = 0. 


1 Verfutnd?, d, Physik Oes, 9. 667 (1907). 

® Ditwortaliou, Berlin, 1910 ; a critical aumraary of the methods for determining 
molecular heat will he found in this monograph. 
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The maximal external work to be obtained in this process, a know- 
ledge of which is essential for many purposes, is easily found ; for, 
according to the considerations put forward on p. 45, it is equal 
to the work required for the compression of 1 mol at constant 
temperature, from Vg to v^. 

If we diminish the volume v of a gas, at pressure p, by an amount 
dv, then the work pdv must be done ; if we diminish the volume 

V.j 

Vg of 1 mol of a gas to Vj, then accordingly the work J pdv must be 

vi 

done ; remembering that pv = RT, we have 

Va Va 

A = |pdv = RTj^ = ETln^* 

Vi Vi ^ 

in which In denotes the natural logarithm. If the pressure of 1 mol, 
at the volumes v^ and Vg respectively, amounts to pj and pg, then 
according to the law of Boyle and Mariotte 

L2=:Pi 

Vl P2 

and therefore 

A = HTln^i. 

P2 

The maximal external work to be obtained by the increase in 
volume of 1 mol of an ideal gas from Vj to Vg, or, as we have already 
defined it, the diminution of free energy associated with this process, 
is, accordingly — 

1. Only dependent on the ratio of the initial and final volumes 

or pressures respectively, but is independent of their absolute 
magnitudes. 

2. Proportional to the absolute temperature. 

3. Equally groat for different gases. 

Of course n times the work is necessary for the compression of n 
molecules. If we choose, as "unit of work, that which will be spent 
when the pressure of one atm. resists an increase in volume of one 
litre, then according to the above (p. 40), 

A = 00821T In = 00821T In litre-atm. 

Pi 

On the other hand, if we choose, as the unit of work, as is more 
customary, the work performed when 1 g. is raised 1 cm., against the 
earth’s attraction, then it must be noti^ that the pressure of one 
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atmosphere, i.e, of a column of mercury 76 cm. high, amounts per sq. 
dcm. to 

100 X 76 X 13*596 = 103,330 g. in weight, 

and hence, that if an increase in volume of 1 litre takes place, this 
force is moved through a distance of 10 cm., so that A assumes the 
value 


A = 0-082lTln-2x 1,033,300 = 84,800 Tin ^ cm.g. 


Finally, in order to obtain A in our practical scale of energy, the 
calorie, we must divide this last expression by the mechanical 
equivalent of heat : 


A = 


84,800 

42,720 


Tln^=l-985Tln^«g..cal. 

V, V, ^ 


Now, observing that 


U = 0; A = RTlnI?; and 


dA 

dT 


= Rln 


Vl’ 


then the equation of the second law of thermodynamics 


A-U = T 


dA 

dT 


becomes in this case an identity. 

The Behaviour of Gases at Higher Pressures.— When we 
work with strongly-compressed gases, then the laws which we have 
thus far studied can be applied only with precaution ; and at high 
pressures, and therefore at great densities, they lose their value entirely. 
Low concentration, the dissemination of gaseous material throughout 
a relatively great volume, is, in fact, the essential condition for the 
simple and regular behaviour of the ideal gas. 

The compressibility of highly-condensed gases has been investigated 
by Natterer, Eegnault, Cailletet, Andrews, and with special thorough- 
ness in more recent times by Amagat. As the behaviour of strongly- 
compressed gases has given occasion to some remarkable investigations 
on the molecular theory, it will be considered more thoroughly in the 
second book. Here will be given a series of observations by Amagat ^ 
on nitrogen at 22°, as follows ; — 


1 Ann. chinu phys. [ 6 ], 10 . 846 ( 1880 ). 


OH. I THE GASEOUS STATE OF AGGREGATION 63 


p in Atm. 

pv. 

p in Atm. 

pv. 

1-00 

1-0000 

126-90 

1*0016 

27-29 

0-9894 

168-81 

1-0265 

46-60 

0-9876 

208-64 

1-0620 

62-03 

0-9858 

261-18 

1*0816 

78-00 

0-9868 

290-93 

1-1218 

80-68 

0-9875 

332-04 

1-1626 

90-98 

0-9893 

373-80 

1 1*2070 

109-17 

0-9940 

430-77 1 

1 

1 1-2696 

i 


The compressibility is at first much greater than required by the 
Boyle- Mariotte law, reaches a maximum, then decreases considerably, 
and at about 124 atm. pv regains and passes its normal initial value. 
This behaviour is general. 


The thermodyTiamic treatment of highly-compressed gases offers correspond- 
ing complicationa If we consider again the expansion of 1 mol of a gas from 
Vj to v^, it must be at once observed in the application of the equation 


A-U = T 


.dA 

dT 


( 1 ) 


that U, the heat developed by expansion without the expenditure of 
external work, is no longer equal to zero, but has a value by no means 
inconsiderable, and, after the analogy of the heat of evaporation, it is 
usually negative. A is again given by the integral 


va 

A = Jpdv ..... (2) 

Vl 

to calculate which, p must Ije determined as a function of v in any given 
case by experiment. Finally, the first law of thermodynamics gives for 
change of U with the jtemj)eratiire (p. 9), 

dU 

(3) 


in which Cy denotes the molecijar heat at volume v. The differentiation 
of the equation (1), or also direct application of the equation developed on 
p. 24, gives 


fhr 0T 


(4) 


in which Q = A - U, and denotes the heat absorljed in isothermal expansion 
with expenditure of work. Equation (3) can also be written in the form 

0Tdv~ 0v 


(3a) 
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assuming Vg - Vj to be very small. Now 


^dU 

dv ”” 9v 0^ 


or combined with (4) 


0v P 0T 


and this differentiated for T gives 


cW__ r;i>p 
0V0T“ 0T-‘' 


or witli the aid of (3a) 


dv 0T2 


Finally, the equation of p. 9 




(v being in this case the lieat given tip to the surroundings), in combination 
with (5) yields 

Op Oy— .... (7) 


9p = |.clv + |.dT 


and at conshint pressure 


n_-P 

0v’0T 0T’ 


Substituting this in (7) we get 


c O - /^P^ 


-© 

But the coefficient of cubical expansion is by definition 

9v 1 

,/here Vq is the volume at 0° C ; and the coefficient of compressibility is 


’9p‘ V 
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Hence from (8) 



Although hitherto, applications of these equations have been advanced ’ 
only in a disjointed way, nevertheless it cannot be doubted that they are 
of great value in proving and extending investigations conducted on highly- 
compressed gases. Moreover, it should be emphasised that these equations 
also hold good for the compression of homogeneous bodies, whether liqxdd 
or solid, 

^ Compare, for example, Margules, Wkner Sitzungsher, 97. 138.5 (1888), and 
especially Amagat, J. de Vhys. [3], 6. 114 (1896). 



CHAPTER II 

THE LIQUID STATE OF AGGREGATION 

The General Properties of Liquids. — If we diminish the available 
volume of a definite amount of a simple gas by increasing the external 
pressure, the pressure exerted by the gas on the surrounding walls in- 
creases continually with the diminution of volume ; if the temperature 
is low enough, there suddenly comes a point at which, by diminishing 
the volume, the pressure experiences no increase, but remains constant. 
At the same time it is observed that the material contained in the 
vessel, although of the same composition at all points, is present 
in two forms, distinguished by density, refractive index, etc. The 
substance has passed from the gaseous state of aggregation to a 
much greater state of condensation. The capacity of the substance to 
exist at the same time in two different forms depends on definite 
conditions of temperature and external pressure ; for every temperature 
there is a certain pressure, the so-called “vapour pressure” (also 
called the vapour tension, maximal pressure, etc.), at which the gas 
and the more condensed form can exist side by side, or, as is said, 
exist in equilibrium with each other. If we diminish this external 
pressure, the whole mass goes over into the gaseous state ; if wo 
increase the pressure, it goes over to the condensed condition. If 
all the gas is condensed at constant pressure, then a further increase 
of pressure causes, qualitatively, the same phenomena as before 
the beginning of condensation. A gradually diminishing volume 
corresponds to an increase of the opposing pressure; only now the 
same percentage increase of pressure brings about a much smaller 
diminution in volume than before the condensation. 

Now it is possible, according to the nature of the gas, by means 
of the experimental method described above, to condense the sub- 
stance into two essentially different forms; if removed from the 
influence of external forces, especially gravity, it appears either in 
the spherical form or else crystallised in geometrical forms; in the 
first case the substance is called a liquid^ in the latter a solid. 
Matter in the liquid state, like that in the gaseous state, has a 
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relatively easy mobility of its particles, though the work performed 
by this reciprocal mobility, which is measured by the “internal 
friction,’’ and appears in the form of heat, is always much greater 
in the liquid state than in the gaseous. It is not to be assumed that 
the common property of the gaseous and liquid states, as contrasted 
with the solid, is the lack of a tendency to assume a definite shape ; 
for a liquid when left to itself, as when suspended in another liquid 
of the same density, and so removed from the action of gravity, by 
virtue of those inherent forces, which we will presently consider 
under “ surface tension,” takes the sharply-defined form of a sphere. 

The special properties of the solid state will be dealt with in the 
following chapter. 

Surface Tension. — The characteristic tendency of substances in 
the liquid state, when left to themselves, to take a spherical form, to 
reduce the free surface to a minimum under all circumstances, can be 
clearly explained by the method of Young (1804), by assuming that 
certain characteristic forces are active in the free surface of liquids. 
The superficial layer behaves like a tightly-drawn elastic skin which 
strives to contract. The force exerting itself normal to a section 1 cm. 
in length of the surface, is called the surface tension. A strip of the 
superficial layer of water of 1 cm. in breadth, for example, exerts a 
contracting force equal to 0*082 g. weight. Contrary to the behaviour 
of an elastic skin, this force, of course, is unchanged with unchanging 
temperature, despite an increase or decrease of the surface. 

The absolute value of the surface tension can be directly 
measured in several ways ; if, e.y., a moistened cylindrical tube of 
radius v is dipped vertically into the surface of a liquid, then the 
surface tension works in the section cut off, and in a direction at 
right angles to the tube, with a force = length of the section x 
surface tension = 27rvy, if we denote the latter by y ; this force 
will raise the liquid in the tube to such a height that it is exactly 
compensated by the action of gravity ; hence 

27rvy = vVhs, 

where h is the height of the liquid, and s its specific gravity, and 
therefore the right side of the equation represents the weight of the 
liquid raised. Therefore the surface tension, expressed in magnitudes 
which can be easily determined, is 



Vapour Pressure and the Heat of Vaporisation.— If we 

bring a simple liquid into a vacuum, evaporation takes place at once, 
till the pressure of the gas formed has reached a definite maximal 
value, namely, the corresponding vapour pressure. This pressure 
increases with the temperature, and usually very rapidly. In the 
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presence of another, but an indifferent ^is, evaporation takes place 
till now the partial pressure of the resulting vapour is equal to the 
vapour pressure (law of Dalton). 

The passage from the liquid to the gaseous state, under the 
pressure of the saturated vapour, is attended with very important 
changes of energy: firstly, external work is performed; secondly, 
heat is absorbed from without. 

Lot there be enclosed in a cylinder with a movable air-tight 
piston a simple liquid, the vapour of which has the same composition 
as the liquid itself ; and lot the vapour pressure which it exerts at 
the (absolute) temperature T in question amount to p. Now we 
will raise the piston so far that 1 mol of the substance goes over to 
the state of a gas ; if this amount as a liquid occupied the space v', 
but as a gas under the pressure p, the volume v, then the external 
work performed in its evaporation is p(v-”v'). When p is not too 
great, we can, firstly, consider v' as a very small negligible fraction 
of v; and, secondly, we can apply the gas equation in the form 
pv = RT, where, as usual, the volume is reckoned in litres and the 
pressure in atmospheres. The external work which can be gained 
by the evaporation of 1 mol of any selected liquid under these 
conditions, amounts therefore to 0*082 IT litre-atmospheres or 1*985T 
g.-cal. (p. 47) ; it is independent of the nature of the liquid^ and is pro- 
pmiimal to the absolute temperature. 

Secondly, the evaporation of 1 mol is associated with the 
absorption of heat. That quantity of heat which is identified with 
the evaporation of 1 g. of a substance is called the heat of vaporisation ; 
and that identified with the evaporation of 1 mol of a substance is 
called the molecular heat of vapoiisation. It varies with the substance ; 
its dependence on temperature can be calculated, on thermochomical 
principles (p. 9), from the difference of the specific heats of the 
liquid and of the saturated vapour, in the following way. 

According to what has been said above, the diminution U of total 
energy in the evaporation of 1 mol is equal to the external work 
performed RT, minus the heat absorbed, i,e, the molecular heat of 
vaporisation X; accordingly, if we assume that we qan calculate the 
external work from the gaseous laws, 

U = RT-X, 

and 

dU Ti/r n 

where Cy is the molecular heat of the vapour at constant volume, and 
Mo the heat capacity of 1 mol of the liquid. If, according to p. 
47, we make Cp ~ Cy = R, we have 
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or if 1 denotes the ordinary* heat of vaporisation, 

^ = Cp-C . . . . (1) 

Now, in all cases hitherto investigated, the specific heat of a sub- 
stance is greater in the liquid than in the gaseous state ; therefore the 
heat of vaporisation always decreases as the temperature hicreases, 

** The specific heat of liquid benzene was found by Regnault to be 
0*436 between 21“ and 71“ ; that of benzene vapour at the mean 
temperature (46°) can be calculated as 

• ^ 0 * 292 , 

78 ’ 

so that 

Cp - c = — 0*144. 

Actually Griffiths and Marshall ^ found for the heat of evaporation 
of benzene between 20° and 50° 

1= 107*06 -0*168t; 

the difference between 0*144 and 0*158 lies within the limits of 
experimental error. The specific heat of liquid water at 100 
is 1*01, that of water vapour (at constant pressure) 0*46, whence the 
latent heat ought to fall off by 1*01 - 0*46 -=0*66 per degree, whilst 
Henning^ found the decrease to be 0*63 between 90° and 100°. It should 
be remarked that water vapour deviates from the laws of gases appreci- 
ably on account of polymerisation (formation of double molecules). 


The second law of thermodynamics gives an important connection 
between the heat of vaporisation and the change of vapour pressure 
with the temperature : in the same way in which we considered the 
flowing of a gas into an empty space (p. 50), wo will now apply io 
the evaporation of 1 mol of a liquid in a vacuum, the equation 


A-U = T 


,dA 
dT ^ 


the volume, which is at the disposal of the evaporating liciuid, we will 
choose as equal to the difiei^nce between the specific volumes of the 
saturated vapour V and of the liquid V' ; then we have 

A = p(V-r); ^ = ^(V-V'); U = p(V-V')-l, 

and accordingly 

1 = t||(V-V') . . . (2) 


1 PhU. Mag. [5], 41 . 1 (1896). 

** Ann. a. Phya. [4], 21 . 849 (1906). 
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an equation first developed by Clausius, and also given by the im- 
mediate application of the equation on p. 24. 

Henning {loc. cit) found the heat of vaporisation of water at 100'' to be 
538*7 cal. 

The vapour pressure of water at 99*5® is 746*52, at 100*5“ is 773*69 
mm. (Wiebe, Tafeln iiher die Spannkraft des TFasserdampfes, Braunschweig, 
1903) ; hence ^ at 100“ 

dp 

== 773*69 ~ 746*52 = 27*17 mrn. = 0*03670 atm. 


The specific volume V of saturated water vai)Our‘*^ at 100“ amounts to 
1*674 litres (Knoblauch, Linde, and Klebe, Mitteil. iiher ForschunysarK ans 
dem Gehiete des Inyenieurwesens^ voL 21, p. 53, 1905), somewhat greater than 
tliat calculated from the theoretical vapour density of water (0*633 instead 
of 0*622 compared with air) ; the specific volume V' of liquid Avater is 0*001 
litre ; therefore we find 

V — V' = 1*673 litres, 

and 

1-373. 0 03670 . 1*673-22*29 litre-atni., 
or 

1-22*29 X 24*19 - 539*2 g.-cal., 
a result in satisfactory agi*eement with observation (538*7), 


As in the example given above, one can very often neglect V' 
in comparison with V, and can calculate V with satisfactory accuracy 
from the laws of gases. The volume v of 1 mol of saturated 
vapour amounts to 


and therefore 


v = MV = 


RT 

p’ 


1M = A = 


KT2 

pdT’ 


or transformed and expressed, like R, in g.-cal. (p. 47), 

A = 1-985X2*^ j" Pg..cal. . ' . . (3) 


a formula well suited for practical applications. 


Within small temperature limits Tg - Tj we can regard A as constant ; 
then equation (3) suitably transformed 


d In p = 


A 

1*985 * 


T2 


^ On determining differential coefficients in such cases see Nernst and Schonflies, 
EirUeitung in die math. Behandl. der Fatumv., 4th edit., Miinchen, 1904, p. 286 ff. 

* Wiillner and Grotrian, Wied, Ann. 11, 645 (1880). 
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can be integrated over this interval, giving 

A= In £g, 

^2 ~ ^1 Pi 

in which Pg are the vapour pressures at T^, Tg. Introducing conimon 
logarithms 

A = 1-985 X 2-3033^lr log ^ 

^ 2 "* Pi 

For benzene, Kahlbaum and v. Wirkiier (Dampfspannkraftmessungen^ 
2. 17, Basel, 1897) found, in good agreement with the earlier measurements 
of Kegnault and Young, 

Tj = 273 + 20 •pj= 76-0 mm. 

T2-273 + 30 P 2 - 118-0 mm. 

whence the molecular latent heat X is ciilculated at 7990 cal., whilst at the 
mean temperature (273 + 26) the measurements referred to on p. 69 give 
(CeH, = 78) 

(107-06 - 0-168 X 25)78 - 8040. 

For the temperatures 

Ti = 273 + 70 Pj = 646-5 

T2 = 273 + 80 P 2 - 750-0, 

whence X = 7640 and the observed value is 7426. The appreciable 
difference in this case is due to benzene vapour being more dense at tliese 
pressures than accords with the gaseous laws. 

The Form of the Vapour Pressure Curve— The question, 
how the vapour pressure of a liquid changes with the temperature, or, 
in other words, what is the form of the vapour pressure curve, has been 
the subject of much experimental and theoretical investigation. At 
first the purely empirical result was found that the vapour pressure 
increases with the temperature, and indeed very rapidly, and accord- 
ingly the vapour pressure curve is convex downwards and highly bent ; 
its upper extremity is found at the critical point (see below) ; its lower 
extremity in all probability is not found till the absolute zero, where gases 
cease to be capable of existence, and the corresponding vapour pressure 
becomes zero. If the vapour pressures are chosen as abscissae, and the 
corresponding temperatures as. ordinates, the curve of boiling-points of 
the liquid is obtained. 

There have been a very great number of researches to find out a 
universal law which should express the dependence of the temperature 
of boiling on the external pressure, with satisfactory accuracy. 
Theoretically, indeed, this problem was solved to a certain degree by 
Clausius in the formula derived above — 

l = T^(V-V'); 

for, by means of this formula, the change of the boiling-point with the 
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external pressure can be strictly calculated, and doubtless also with 
the greatest accuracy, if the heat of vaporisation, and the specific 
volumes of the liquid and of its saturated vapour in their dependence 
on the temperature, are known, and further if the volume of the 
vapour can be calculated from temperature and pressure (by means of 
a suitable equation of condition). 

Thus, if the vapour pressure pg at some one temperature is known, 

we can calculate the value of V belonging to it, and thence ^ by the 

above equation. For a temperature higher by the small amount At, 

the vapour pressure is pg + > whence we may find V again, 

and so on. It is therefore possible to calculate the vapour pressure 
curve by successive steps. 


If the gaseous laws are applicable to the vapour (p. 60) 


and, by p. 58, 


A = RT2^^ . 

dT^ 




( 1 ) 

(2) 


where Cp is the molecular heat of the vapour at constant pressure, and C 
the molecular heat of the liquid ; we can then integrate this over an interval 
of temperature such tliat Cp and C can be regarded as constant, ie. A is a 
linear function of the temperature ; 


(1) and (3) give 


A = Ag-(C-Cp)T 

d In p Ag C — Cp 
dT~"" RT^*“ RT ’ 


( 3 ) 


from which, by integration, 

■ RT “ ” R^' ^ ’ 


or 


B C-Cj, 


wbore A and B are two constants that can be calculated by means of two 
pairs of values of p and T. This equation is suitable over intervals of 
temperature that are not too great and are well removed from the critical 
point ^ For calculation over larger intervals of temperature C and Cp must 
of course be treated as functions of the temperature. 

Comparison of the vapour pressure curves of different substances 
has led to results of importance that are very convenient in applica- 

' For an application see Herts, Wted. 17 . 193 (1882) ; Oes. Ahh, 1 , 21£t 
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tion. Dalton^ pointed out such a relation, and by reckoning the 
boiling-point from the absolute^ instead of from the conventional^ zero, more 
striking regularities have been discovered. 

As was shown in numerous examples by Ramsay and Young, ^ 
whose extended observations on the evaporation of liquids gave im- 
portant information on many points, the ratio of the boiling-points of 
two substances chemically related is nearly constant when measured at 
equal pressures and absolute temperatures, Le. reckoned from - 273"' ; 
in the comparison of substances chemically different this ratio changes 
with the temperature. 

In the following table, the figures of which are taken from the 
measurements of Schumann,^ are given the absolute boiling-points 
with the corresponding pressures, for a number of esters, ix, sub- 
stances of closely-related composition : — 


Substance. 

760 mm. 

T2 

200 mm. 

Ti 

Ta 

Methyl formate . . . 

305*3 

273*7 

1-116 

Methyl acetate 

330*5 

296-5 

1*115 

Methyl propionate . 

Methyl butyrate 

362-9 

376-3 

316*7 

336*9 

1*114 

1*114 

Methyl valerate 

Ethyl formate .... 

389-7 

350*2 

1*113 

327*4 

293*1 

1-117 

Ethyl acetate .... 

350*1 

314*4 

1*114 

Ethyl propionate 

Ethyl butyrate 

371*3 

392*9 

333*7 

352*2 

1*113 

1*116 

Ethyl valerate 

407*3 

365*3 

1*115 

Propyl formate 

354*0 

318*0 

1*113 

Propyl acetate 

373*8 

336*1 

1*112 

Propyl propionate . 

Propyl butyrate 

395*2 

415*7 

355*0 

374*2 

1*113 

1*111 

Propyl valerate 

428*9 

386*6 

1*112 


According to the rule of Ramsay and Young, the ratio of the 
boiling-points in the vertical columns for any two substances must be 
T 

equal ; the quotient must therefore be almost corffitant for all cases, 
■^2 

as is in fact strikingly shown in the last column. 

Other relations are found-on comparing the boiling-point curves of 
two substances of unlike chemical composition, as, for example, 
mercury and water. In the following table are given some boiling- 
points, on the absolute scale, corresponding to the pressure p : — 


1 See also Diihring, Wied. Ann, 11 , 163 (1880) ; 62 . 566 (1894) ; and a criticism 
on Diihring’s rule by Kahlbanm and v. Wirkner, Ber, 27 . 3366 (1894). 

* Phil, Mag, [6], 20 . 615 ; 21 . 33, 135 ; 22 . 32 ; and Zeitschr, phya. Chem, 
1.‘249 (1887), and S. Young, Phil, Mag, [5], 34 . 610 (1892) ; Groslians, WUd. Ann, 
6. 127 (1879). 
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T. 


p- 

Hg. 

HjO. 

Ratio. 

34*4 

495*15 

304-6 

1*6262 

157*15 

553*2 

334*2 

1*6553 

760*83 

631*68 

373*03 

1*6934 

2904*5 

721*0 

415*36 

1*7369 


The ratio of any two boiling-points at equal pressures is here by 
no means constant, but increases with the temperature ; but if the 
increase of this ratio is divided by the corresponding rise, of the 
boiling-point of water, we find for the three intervals of the preceding 
table, 0*00098; 0*00098 ; 0*00100; ie. the ratio of the absolute 
boiling-points corresponding to the same pressures increases linearly 
with the temperature. The absolute boiling-point T of mercury for any 
desired pressure can therefore be calculated from the absolute boiling- 
point T(j of water at the same pressure, from the equation 
T « l*6934To + 0*00098(To - 373) ; 

T 

in this 1*6934 = when T^ = 373, and the vapour pressure is equal 
to one atmosphere. 


The Boiling-Point. — Vapour is constantly ascending from the 
surface of a liquid except when the partial pressure of the vapour is 
greater than, or equal to, the tension of the liquid ; in the former 
case a reverse condensation takes place ; while only in the latter case 
can there be an equilibrium between vapour and liquid. Its surface 
is always acted upon by a pressure, which, according to Dalton’s 
law, is equal to the sum of the partial pressures of the vapour and of 
the other gases present. If the liquid is heated so high that its 
vapour pressure begins to overcome the external pressure, then vapour 
bubbles begin to form in its interior, and the phenomenon of boiling 
is observed. The lowest temperature at which a liquid can remain 
steadily boiling is called the boiling - 'point corresponding to that 
particular pressure. That corresponding to the normal pressure of 
760 ram. is called the normd boiling-point, or simply the boiling-point ; 
its experimental determination is so simple and so common that we 
may dispense with a thorough treatment of it, but attention should be 
called to some important corrections. 


Thus, it should he noticed that the boiling-point, measured at the 
prevailing atmospheric pressure, must be reduced to the normal pressure. 
The change dT, which the boiling-point experiences by a variation of the 
pressure amounting to dp, can be calculated theoretically from the formula 


of CLiusius (p. 59) : 
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but since the heat of evaporation 1 is as a rule unknown, it is pixiposecl 
to introduce a method recently given by Crafte,' which is based on the 
law of boiling - points found by Ramsay and Young (p. 63), namely, that 
tlie absolute boiling-points, corresponding to the same pressures, of two 
substances chemically related, sbind in a constant relation. In the following 
table are given the changes of boiling-point, divided by the absolute 
boiling-point of the respective substances at noniial piessure ; the changes 
refer to a change in pressure of 1 mm. of mercury, calculated from the 
change of boiling - point which the 8ul)stance8 experience in varying the 
jiressure from 720 to 740 mm. 


Water 

Ethyl alcohol . 
Propyl alcohol . 
Amyl alcohol . 
Methyl oxalate 
Methyl salicylate 
Phthalic acia anhyd 
Phenol 
Aniline 


Acetone . 
Benzoplienono 
Siilfobenzide 
Anthraquinone 


0-000100 

0*000096 

0*000096 

0*000101 

0*000111 

0*000126 

0*000119 

0*000109 

0-000113 

0*000117 

0*000111 

0*000104 

0-000116 


Carbon disulphide 
Ethylene broniido 
Benzene . 
Ghlor-hcnzeno . 
in-Xylene . . . 

Brom-benzene . 

Oil of turpentine 

Naphthalene . 

Diphenyl-methane 

Brom-naphthalone 

Anthracene 

Trixdienyl-methane 

Mercury . 


0-000129 
0 000118 
0-000122 
0*000122 
0*000124 
0*000123 
0*000131 
0*000121 
0-000125 
0*000119 
0*000110 
0-000110 
0-000122 


If the boiling-point of a substance is determiiu*d at a pressure rcmovid 
from the normal, it may be approximately corrected by the lulditioii of the 
absolute temiierature 273, and then selecting, that substance most closely 
resembling it from the jueceding list : the (iorresjionding factor is multiplied 
l)y the absolute boiling temperature, by which is obtained the con-ection 
which must be at^pliid to the observed variation jier mm. from the normal 
pressure. 


The Critical Phenomena. — If a liquid is heated in contact with 
its saturated vapour, the density of the saturated vapour increases 
very quickly, since the vapour tension rises rapidly with the tempera- 
ture. But the density of the liquid, which is expanding in conse- 
quence of the rise in temperature, is, conversely, continually diminish- 
ing. The question arises, does there exist a point at which the 
densities of the liquid and of the saturated vapour may he equal to 
each other ? The study of this question led to the discovery of the 
critical phenomem, which have -assumed great significance in our con- 
ceptions of the nature of the liquid state. 

As was discovered by Cagniard de la Tour,^ and later thoroughly 
investigated by Andrews,® the following phenomena are observed 
when a gas is compressed, or a liquid heated in an enclosed vessel. 
If a gas, e,g, carbon dioxide, is compressed, then, at a suitably high 
pressure and low temperature, the contents, originally homogeneous, 

1 Ber. 20 . 709 (1887). 

« Ann. chim. phys. [2], 21 . 121, 178 ; 22 . 411 (1821). 

» Tram. Boy. Soc. 160 . 688 (1869). 


P 
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separate into two parts with a dividing surface sharply defined ; or in 
other words, it is partially liquefied. The pressure at which this 
happens is, of course, the corresponding maximal pressure of the 
separated liquid, and it increases very considerably with the tempera- 
ture. The question arises whether liquefaction can occur at all 
temperatures if the pressure is high enough, — a question which has 
been decided in the negative by the work, of the investigators just 
mentioned. Thus, for example, carbon dioxide is convertible into a 
liquid by the application of a pressure of 70 atmospheres below 30*9° ; 
but above that temperature the pressure can be increased at will, 
without the gas losing its homogeneity, and without liquefaction 
taking place. 

When, on the other hand, a glass tube filled with liquid and gaseous 
carbon dioxide is hoiited, evaporation takes place gradually because 
the vapour pressure of the liquid increases faster, with a rise of 
temperature, than the pressure of the gaseous part. But at 30*90”, 
when the vapour pressure has reached 70 atmospheres, all the liquid 
evaporates, the meniscus which separated the liquid from the gas, and 
which had already begun to flatten out, vanishes at this temperature, 
and the contents of the tube are completely homogeneous. On cooling, 
a fog appears at the same temperature, and quickly gathers as a 
liquid in the lower jmrt. 

These very important phenomena are called ‘‘critical.” That 
temperature, above which the liquid ceases to be capable of existence, 
is called the “ a'Uical tempei'ature ” ; the vapour pressure of the liquid 
at this point is called the “ critical pi'essure/' and its specific volume 
the vohime” These three magnitudes are the characteristic 

critical data for every simple liquid, and, as will bo shown in Chapter 
II. of the second book, they are typical of the entire relations 
between gases and liquids. 

The critical phenomena make it possible to change a liquid into a 
gas in one continuous process, i.e, without its losing its homogeneity, 
by partial evaporation during the process, and the reverse. The liquid 
is heated above its critical temperature, care being taken to keep the 
external pressure always greater than the vapour pressure, and finally 
greater than the critical pressure ; if the volume is then allowed to 
increase, the originally liquid mass remains homogeneous, however much 
it is diluted ; it has been converted continuously into the giwseous 
state. In order to convert a gas continuously into a liquid, its 
temperature must be raised above the critical point, while the pressure 
is kept below that required for condensation ; then it must be com- 
pressed above its critical pressure, and cooled below its critical tempera- 
ture, the external pressure being always kept greater than the 
corresponding maximal pressure of the liquid ; if now the volume is 
increased, the originally gaseous mass loses its homogeneity, gives off 
vapour, and is to be regarded as a liquid. 
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The results of the measurement of critical data, for which wc are 
indebted to Cagniard, Andrews, Pawlewski, Dewar, and others, and 
recently to Karasay and Young especially, are given very fully in 
Landolt-Bornstein’s tables. I will only mention hero a simple lecture 
experiment, which I consider very instructive for the demonstration of 
critical phenomena. A small glass tube with thick walls, partially 
filled with liquid sulphur dioxide, is placed in a larger test-tube which 
contains paraffin. If this is heated from the side in an inclined position, 
with a Bunsen burner, so that the upper part of the inner little tube 
is heated above the critical temperature of sulphur dioxide (155 ‘4"), 
while the lower part, surrounded by un melted paraffin, remains con- 
siderably cooler, then the meniscus vanishes. Under these conditions 
we have w'ithout doubt gaseous sulphur dioxide in the upper part of 
the little inner tube, and in the lower part, yet one sees nowhere a 
parting surface. Thus this shows how licpiid and gas can pass into 
each other continuously, in the circuit over the critical point. When 
cariying out this experiment, it is wise to protect oneself from the 
danger of an explosion, by a thick plate of glass. 

If the li<|uid is not quite jmre the vapour will in gt‘iu*ral havi* a stuue- 
what difiVrent couipositiou, and as owing to slowness of diffusion the, sUite 
of ecpiilibriuni is only very gradually reached, the meniscus will disa]q)ear on 
heating at a dilferent tenii)erature to that at which it a]>pears on cooling, 
unless the operations are very carefully conductHl. Some investigators, in 
recent times, have been so deceived by this that tluy doubted the i*xist(mcc 
of a well-defined critical ])()int. The (*areful ex]K‘rinn*nt8 of llamsjiy,^ 
Young,- and Villard ^ havi*, however, put this Iwyond question. 


‘ Zeitschr. phys. Chem. 14 . 486 (1894). Tnnus. (yiem. 1897, p. 416. 

^ A7in. chim. phys. [7], 10 . 387 (1897). 
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TlfB SOLID STATE OF AGGREOATION ^ 

General Properties of Solid Bodies. — If we condense a substance 
occurring in the gaseous state, at a sufficiently low temperature, — Le, 
below its fusing-point, — or if we cool a liquid substance to its solidify- 
ing-point, — then the matter appears in the solid state. This, in common 
with the liquid, and in contrast to the gaseous state, has the property, 
that a change of volume by a pressure from all sides is resisted by an 
extraordinarily great force. But it is characteristic of the solid state 
alone, that a cimnge of fm'm without compression is resisted by the so- 
called elastic forces. Work, which appears again as heat, must be 
expended indeed in a change of form of gases and liquids, in conse- 
quence of their internal friction. But in the case of solids, it happens 
that a relative distortion (not too great) of the particles places the 
system in a state of tension which corresponds to a considerable amount 
of potential energy. When the action of the deforming force ceases, 
then the body resumes again its original form. 

Melting-Point and Pressure. — In the same way that at a given 
temperature a substance can coexist in both the liquid and gaseous 
states, only at a certain definite external pressure, so a solid substance 
can exist in equilibrium with its molten product, only at very definitely 
related values of pressure and temperature. We find the quantitative 
distinction, that while the boiling-point varies very much with the 
external pressure, the melting-point varies very little ; so that for 
practical purposes the variation can usually be disregarded, and for 
a long time it was not observed. 

This was established by William Thomson in 1850 for water, after 
James Thomson had previously predicted it theoretically. The process 
of melting can be treated thermodynamically, similarly to that of 
vaporisation. 

The maximal work to be obtained by the fusion of 1 g. of a solid 
substance is of course equal to the product of the increase of volume 

' III the preparation of the crystallographic part of this chapter I have enjoyed 
the valuable co-operation of Dr. Pockels. 
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H -V' (when V is the specific volume of the liquid, and V" that of the 
solid substance), and the pressure p, at which both states are in 
equilibrium ; then will 

A = p(V-r), and dA = dp(V-V0. 

The diminution of total energy U is equal to the work performed 
A, minus the heat absorbed r, the so-called heat of fusion, ue. 

■ U = p(V-V')-r, 

the change of which with the teni{>erature (p. 9), neglecting the 
insignificant external work, is 

dU dr , „ 


when c' and c" denote respectively the specific heats of tlie substance 
in the liquid and solid states. The specific heat of ice is 0*5; that of 
water 1 00 ; therefore the heat of fusion of ice increases per degree of 
rise in temperature, by an amount equal to 100 - 0*5 = 0*5 g.-cal. 

The equation. 


A-U = T- 


dT 


in this case assumes the form, 

p(V_V') + r-p(V-VO = T{V-V');]P, 


r = T(V-r)^-£. 

as is also given by the direct application of the equation on p. 24. 
When transformed the equation becomes : 

dT^ T(V - VQ 
dp r 

An increase of pressure corresponds to a positive value of dT, i.fi* 
a rise of the melting-point, if^ V - V' is positive, ie. when the change 
to the liquid state is accompanied by an increase of volume ; on the 
other hand, it corresponds to a fall of the melting-point when the 
body contracts in melting, as is the case with ice. 

Carrying out the calculation for water, at T = 273 ; V = 0*001 ; 
and ¥' = 0 001091 litre; the heat of fusion r = 79*3 cal., then the 
work is equal to 

79*3 

r = — — litre-atmospheres, 

and therefore 

^ = - 0-0076°, 

ap 

ie. an increase of an atmosphere in the external pressure corresponds 
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to a lowering of the melting-point of water, of about 0*0076'^. 
William Thomson (1851) showed that, as a matter of fact, by raising 
the external pressure about 8*1 and 16*8 atmospheres, the temperature 
of melting ice sank from 0® to -0*059'' and -0*129° respectively, 
while these calculated from the formula given above, should be 
- 0*061° and - 0*127° respectively. 

On the other hand, that the melting-point is raised by applying 
external pressure, in the case of substances which melt with increase 
of volume, was first shown by Bunsen (1857) for spermaceti and 
paraffin. Recently Batelli^ and Demerliac^ have found Thomson’s 
formula to be well established for a number of organic compounds. 
Further, L. E. 0. de Visser ^ has succeeded in measuring with great 

accuracy the change in melting-point with 
the pressure, for acetic add ; since he did 
not, as was done before, determine the 
melting-point corresponding to a definite 
pressure, })ut the pressure corresponding 
to a definite temperature. The simple 
apparatus* used by de Visser, and which 
he named a Mamcryometer, consisted of 
a large inverted thick -walled thermo- 
meter, its capillary tube being bent up- 
wards, and then horizontally (Fig. 3). 
According to the temperature of the 
surrounding bath, it would assume that pressure at which the substance 
in A, partly liquid, partly solid, would find itself in equilibrium ; the 
capillary tube filled with mercury served as a closed manometer with 
which to measure this pressure. The direct measurements of de 
Visser showed that 

dT 

j =0*02435°. 

dp 

The heat of fusion was found to be 46*42 g.-cal., the melting-])oint 
T, 273° +16*6 ~ 289*6°, and the imwease of volume V-V' = 
0*0001595 litre, whence 

dT 

4 - 0*0242° ; 

dp 

the agreement is excellent. 

Recently the effect of pressure has been studied over a very wide 
range by G. Tammann.^ The curve of fusion for benzene was traced 
to pressures of more than 3000 atms. ; the heat of fusion was deter- 
mined directly and shown to be constant within the experimental 
error of 1 % between 1 and 1 200 atms. The volume change V - V' 

1 Atti del R. M. rt>H. [3], 3. (1886). 2 124. 75 (1897). 

“ Dissertation, Utrecht, 189*2 ; ref. Zeitschr, phy»ik, Ohem. 9. 767 (1892). 

* Amu d, Phys, 3. 161 (1900). 
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was also measured as a function of pressure along the curve of fusion. 
The following table gives the results ; the pressure p is in kg/sq. cm. ; 
V - V' in c.c. per gram of substance : — 


t . 

P - 

V-V'. 

r. 

6*43 

1 

0-1307 

29*2 

10 - 1*2 

161 

0*1272 

30-0 

20-13 

533 

0-1118 

29-6 

29-50 

925 

01053 

30 9 

42-06 

14.55 

0-0919 

30-6 

65-02 

2040 

0-0770 

29-0 

66-00 

2620 

0*0738 

30-6 

76*96 

3250 

. 1 

0-0693 

31-8 


To calculate r from the foregoing formula the empirical equation 
p = 34*4(T - 5-43) + 0*1 50(T - 5*43)2 

was obtained from the observations, deduced and then r calculated 

for the different temperaturcwS. The beat of fusion appeared constant, 
in harmony with the result of direct measurement; the moan calculated 
value was 30*0, the mean of the calorimetric observations 30*4. 

The fact that V - V' falls off rapidly while r remains constant 
seems to bo general, and indicates that the two quantities do not 
vanish at the same point. 

The Vapour Pressure of Solid Substances. — As in the case of 
liquids, so also for every solid 8u])stance, at a given temperature, there 
is a correspondingly definite vapour pressure, although, indeed, in most 
cases it is so extraordinarily small as to escape a direct measurement. 
The vaporisation of a solid substance is called .mhlinuition. Sublima- 
tion, like evaporation, takes place gradually from a solid substance, 
ill contact with the free atmosphere under all conditions, but it is 
especially rapid if the sMimation pressure exceeds that of the atmo- 
sphere. If this point, comparable with the boiling-jioint of the liquid 
substance, lies below the melting-])oint, then when the substance is 
heated in the open air it will sublime without melting. It is only 
by heating the substance in a closed vessel that it is possible to heat 
the substance to the melting-point, and thus to accomplish its lique- 
faction. But ordinarily the sublimation pressure of solid substances 
at the melting-point is much smaller than the atmospheric pressure. 

The ^^heat of sMimatiofiy** ie. the quantity of heat absorbed in the 
vaporisation of 1 g. of the solid substance, can be calculated from the 

change of va}X)ur pressure with the temperature and from the 

specific volumes V and Y' of the vapour and substance respectively, in 
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the same way that was used for the calculation of the heat of vaporisa- 
tion (p. 59), since the considerations there advanced hold good whether 
a solid or a liquid substance is evaporated ; accordingly 


8 = t||(v-v'). 


On account of tlie smallness of the vapour pressure of the solid sub- 
stances, V' can be neglected in comparison with V. 

At the melting-point, the heat of sublimation is equal to the heat 
of fusion + the heat of valorisation of the molted substance, i.e. 


s = r + l = T^|V; 


and further for the vaporisation, the following equation holds good 

1 == X— V 
dT ’ 


if by P wo denote the vapour pressure of the liejuid substance in the 
neighbouT’hood of the melting-point. Subtracting these two equations 


wo get 


r = TV 



The expression in brackets obviously depends on the angle which the 
pressure curves of the substance in the solid and the liquid states 
make with each other at the melting-point. But now the vapour 

pressures of the two states must 
be equal at the melting-point be- 
cause it is the point at which the 
solid and liquid states of the sub- 
stance are in equilibrium with 
each other. Otherwise there 
would occur an isothermal distil- 
lation process which would cease 
only with the disappearance of 
that state with the greater vapour 
pressure, ix, the two states of 
would not be in equilibrium. Therefore the pressure 
curves interned at the melting-point, as is shown in Fig. 4. The 
dotted line is the pressure curve of the under-cooled liquid substance, 
and is the continuation of the pressure curve of the liquid. Probably 
the two curves would intersect asymptotically at abs. zero,^ if one 
could under-cool a liquid so far. The preceding formula, which was 
developed by W. Thomson (1851), and also again independently by 
Kirchhoff (1858), was later experimentally proved by Kamsay and 

^ There is no evidence in favour of the view, often expressed, that there is a tempera- 
ture below which solids and liquids do not evaporate at all. 
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Young (1884) for benzene, and by W. Fischer (1886) for water ; also 
recently by Ferche (1891) for benzene. 


From the latter’s measurements ' aic taken the following numbem In 
accordance with theory, the pressure of solid and liquid l)enzene at the 
melting-point (6*6'’) had the same value (35*5 mm. Hg.). Measurement gave 

dp dP 


On the other hand, this value can be calculated from the formula given 

30*1 8 

above. The heat of fusion r was found to be 30*18 ^ litre- 

atmospheres. 

Further, accoiding to the laws of gases 

0*0821(273 4- 5*6)2. 760 
35*5 . 78 


Hence 


(78 = molecular W'eight of l)enzone). 


^^dP_ 30*18.35*5.78 

dT ~ dT “ 24*19(273 4 5*6)2 . 0*0821 
= 0*543 


(reduced to mm. ITg.) 


a result in satisfactory accord with experiment. 


The Crystallised State. — Most solid substances sojmrate by 
condensation from the gaseous state, or by congealing from a state 
of fusion, or by precipitation from solutions, in regular polyhedral 
forms, in case unfavourable circumstances do not interfere with their 
normal formation, ie, they crystallise. All the physical properties 
have the closest connection with the external form ; both the external 
form and the physical properties are conditionerjp ‘.he structure of 
the particular body. Thus a crystal can be definl S a homogeneous 
body, in which the different physical properties cmiduct h^^niselves differently^ 
in the different directions radiating from one of its points. 

The proviso of homogeneity^ which is always tacitly assumed in the 
following sketch, declares that the physical properties depend mdy on 
the direction^ not on any particular pmiim^ of the crystal, and accordingly 
they are the same for all parallel directions. Only in a few cases are 
physical properties different in parallel, but opposite, directions. It is 
well to notice that this dehnition of a crystal does not consider the 
geometrical form of the limiting surface ; this latter is the most 
obvious external sign of the crystallised condition, but it occurs only 
when the formation is undisturbed. 

Crystallised (in general anisotropic®) bodies are contrasted with 
the amorphous (isotropic), in which all directions are alike respecting 
1 Wied, Ann, 44 . 265 (1891). 

[2 Crystals belonging to the cubic system are isotropic, by virtue of their perfect 
symmetry.] 
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the physical properties. Amorphous bodies are probably, as a rule, 
iu a more or loss unstable condition. (See the final paragraph of 
this chapter.) 

If two or more directions radiating from one point of a crystal are 
diaimlenty we say that the crystal possesses symmtry. The symmetry 
of a crystal, as regards the different physical properties, varies accord- 
ing to the nature of the physical process considered. Expeiience has 
shown that the lowest grade of symmetry is always shown in the 
processes of growth and disintegi’ation of crystals, especially in the 
e/jrtermil 'polyhedral foiin attending undisturbed growth. Therefore 
the latter, which lends itself easily to observation, is especijilly suited 
for the characterisation and classification of crystals. We will consider 
next, on this basis, the laws which regulate the foims of crystals. 

The Fundamentals of Geometrical Crystallography.— As is 

known, normally -formed crystals are bounded by flat planes, which 
make emvex polyhedra (i.e. such polyhedra as are cut by any straight 
line in only two points at most). It follows from the definition of a 
crystid as a homogeneous body, that planes having the same direction 
are etpiivalont. It must be noticed that in a plane the two sides are 
to 1x5 distinguished, and therefore two planes of the bounding surface 
can be similarly directed only when the direction of their external 
normals are coincident. Therefore it must always be borne in mind 
that, in studying the form of a crystal, the bounding planes can 
always bo imagined to be moved at will parallel with themselves. 

The first fundamental law of geometrical crystallography is the 
“ law of the mistancy of interfacial angles ” (discovered by Steno in 
1069); this declares that the inclination of two definite m'ystal planes to 
etu'h olheVy for the> same substance, and measured at the same teftnperature, is 
constant, and independent of the size and development of the ^danes. 

From the abundant data obtained in crystal measurement by means 
of the reflection goniometer, it was considered until recently that this 
law had oidy an approximate value ; for not infrequently on crystals of 
the same chemically pure substance, which have apparently formed 
under the same conditions, and even on the same crystal, the correspond- 
ing angle is liable to variations of over 0*5°. [Very accurate measure- 
ments by A. E. H. Tutton,^ however, on crystals of great perfection, 
prepared with extreme precautions against disturbance of any kind 
whatsoever during growth, have shown that the constancy of interfacial 
angles of the crystals of the same substance, grown under undisturbed 
conditions, is certainly a real fact within two minutes of arc (2') ; and 
that in the so-called “ isomorphous ” series of rhombic sulphates and 
selonates of the alkalis, and monoclinic double sulphates and selenates, 

Phil, Trans. Pot/al Society^ 1915, A216, 1, atnl previous memoirs siimniarised iu 
Crystalline Structure and Clicmiml Constitution ^ 1910 (Macmillan), pp. 189 and 193 ; 

also Crystal loyraphy and Practical Crystal Measurenienty 1911 (Macmillan), p. 486.] 
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fifty salts in all, measured by him, each member of the series affords 
crystiUs exhibiting its own specific interfacial angles, which differ from 
those of the other members of the series by a definite small amount 
which is dependent on the difference between the atomic weights of the 
interchangeable metals of the same family group (alkalis) which give 
rise to the series. The differences in question are the larger the 
lower the degree of symmetry, the maximum difference found in the 
monoclinic series being 2i‘\ but in the more symmetrical rhombic 
system only two-thirds of a degree; the}" disappear entirely in the 
cubic system, in which the perfect symmetry requires absolute equality 
of intcrfacial angles ] 

By the term zone'' is understood a set of planes which intersect 
with parallel ed(fe^ ; the common direction of the latter is allied the 
“zonal axis.” A zone is fixed by any two of its planes. Conversely, 
if it is known that a crystal pkne lies in two known zones, it is 
completely determined, for it is parallel to the two zonal axes, viz. 
two straight lines, which intersect. Experience has led to the follow- 
ing law, formulated by F. E. Neumann (1826), which is called the 
of zones," and which is the characteristir. fundamental law of 
crijstalkxjraphjf : all planes which can occur on a crj/stal are related to each 
other in zones ; or, in other woi’ds : front ant/ four phxnes, no three of 
which lie in one zone, all possible 
crystal planes can he derived by 
means of zones. 

According to this there 
might be an unlimited number 
of bounding planes on a 
crystal ; but by no means can 
every arbitrary geometrical 
plane be a face of a crystal. 

We must mention two other 
forms of the law which will 
make this point cleai’er. It 
must be considered that the 
law of zones insists on the 
zone relation ordy for all 
possible crystal faces. The 
planes then actually occurring 
on a single crystal need not 
necessarily stand in complete 
zone relation to each other. 

In order to state properly, 
i.e. by numbers, the position 
of a face of a crystal, it can 
be compared with any system of co-ordinates fixed relatively to the 
crystal. It is usual to select as the co-ordinate planes (on grounds to 
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be explained below), any three crystal faces not lying in the same zone 
(such faces, for example, as are remarkable for their prevailing occurrence, 
or as cleavage planes), and to correspond to the co-ordinate axes, three 
crystal edges, viz. the lines of intersection of the three planes, OX, OY, 
and OZ in Fig. 5. In general this system of co-ordinates will be oblique 
angled. Then the position of any given fourth crystal plane (E^, Eg, 
Eg), is determined by the length of the intersections OE^, OEg, and 
OEg, which it makes on the co-ordinate axes ; if a, b, and c respectively 

are these lengths, the equation of the plane is ^ ^ -f ^ = 1. As only 

the direction of the face is in question, we are only concerned with the 
ratios of a : b : c, which remain constant if the plane is moved parallel 
to itself. Usually one selects as units^ the axial intersections a, b, and 
c, of any face (the unit plane), which does not lie in the same zone 
with two of the co-ordinate j)lanes (fundamental planes) ; and by 
moans of these units, the intersections of all other faces are expressed. 
These “axis units” a, b, and c, are usually unequal, and stand in 
irrational proportions to each other. Now if ma, nb, and pc are the 
axial intersections (parameters) of any fifth face of a crystal (Hj, Hg, 
Hg, Fig. 5), the three numbers h, k, 1, which are proportional to 
Vn> respectively, are called the indices of this latter plane, and so, 
after establishing the fundamental planes and the unit planes, the 
direction of any other will bo determined by the ratios of these three 
numbers h, k, 1. Now it can bo easily shown that the law of zones 
leads to the conclusion that the ratios of the indkes of all possible bound- 
ing planes occurring on a crystal are rational numbers. This law of the 
rationality of indices, the principle of which was first advanced by 
Hauy in 1781, of course holds good for any arbitrary choice of funda- 
mental planes and unit planes, provided that these are crystal faces. 
The arbitrary common factor to h, k, 1 is so chosen that h, k, 1 shall 
be the smallest possible whole numbers ; in the case of a plane which 
is parallel to one or two co-ordinate axes, one or two indices respect- 
ively will be equal to zero. It is to be observed that the indices are, 
in almost all cases, the lowest whole numbers (usually 0, 1, 2, 3, 4, 
etc.), and from this the law of the rationality of indices derives its 
significance ; for if they were indeed irrational, one could always 
express the indices in sufficiently large whole numbers with an accuracy 
corresponding to that of the angle measurements. 

The calculations of the indices from the angle measurements 
[except in the cases of very perfect crystals grown with special 
precautions against disturbance] usually give at first irrational propor- 
tions. But according to the preceding empirical law, one is seldom 
left in doubt as to which whole numbers are to be regarded as the 
true indices ; for those whole numbers arc selected whose ratios are 
nearest to the irrational values. In general, for the determination of 
the indices of a face, it is necessary to measure two angles (see the 
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paragraph on “The Determination of Crystal Symmetry,” p. 92); but 
if one zone is known in which the plane lies, then the me^urement of 
only one angle is necessary ; and if two zopes are known in which the 
plane lies, then the indices are fully given without the measurement 
of any angle. 

Since this last case occurs very frequently in the determination of 
crystals, the course to be pursued will be explained more fully. For 
this purpose we must first consider the method of determining the 
direction of the edges. From any four crystal edges {three fundamental 
edges and one unit edge\ all other possible ones can be developed, in 
accordance with the law of zones, by finding out successively the lines 
of intersection of the planes which connect two zones already known. 
Now if a, y are the co-ordinates of a point of the unit edge, referred 
to the fundamental edges, and if a^, and y( are the co-ordinates 
of a point of any fifth crystal edge, then it follows from the preceding 
law that the ratios fj '• ( are rational. We call f the indices of 
the edge or zone, and designate this latter by the symbol [^, f]. 

Now if we select for the fundamental edges the intersection lines of 
the fundamental pianos, and for the unit edge the resultant from the 
axial units a, b, c, so that a : : y = a : b : c, then to express the 

relation that a plane h, k, 1 passes through an edge [f, >/, f], or lies in 
a zone [^, rjy f], we have the equation 

h^ + k>;-f lf=0. 

It is evident from this how the indices of a plane lying in two 
given zones, or how those of the intersection edge of two given i)lanes, 
can be calculated from the solution of two linear equations, and also at 
the same time how the law of the rationality of indices follows from 
the law of zones. 

A third method of expressing the fundamental law of crystallo- 
graphy, due to Gauss (1831), is the law of the rationality of compound 
ratios ; this declares that between four crystal planes lying in one zone, 
or between four crystal edges lying in one plane, there exists such a 
connection that their compound ratio is rational. By the compound 
ratio of four such straight lines or planes a, P, y, 3, is meant the 
following quotients of the sines of their included angles, viz. — 

sin (a . y) sin (a . 8) 

sin {p . y) ' sin {P . 8) 

That this quotient must be rational for the planes and edges of a 
onjstaly is easily shown by the fundamental principles of projective 
geometry according to the law of zones, or according to that of the 
rationality of indices. In consequence of this relation, if we know 
three pianos in a zone, or three edges in a plane, then all the planes 
or edges possible for the crystal, lying in this zone or plane, are 
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completely determined. Since the compound ratio of four planes 
lying in a zone can be expressed by their indices, we obtain formulae 
which are of furidamenUl importance for the calculation of crystals, 
since they give the solution of the two following problems : — 1. If we 
know the indices of four planes of a zone, and also two of the six 
angles between these planes, to calculate the other four angles ; 2. If 
we know the angles between four planes of a zone, and the indices of 
throe of them, to find the indices of the fourth plane. ^ 

In order to describe the geometrical form of a crystal it is clear 
from the preceding statements that one must specify as follows : — 
1. The three angles between the fundamental edges or between the 
fundamental planes ; 2. The relative lengths of the units of the axes ; 

The indices of the planes (or edges) occurring on the crystal. The 
quantities given under I and 2, which are the so-called axial units or 
the geometrical constants of the crystal, are, in general, characteristic 
for the crystallised substance in question (compare the last sections in 
this chapter, p. 88 ft’.). The choice of these, as already observed, is to 
a certain extent arbitrary. At the same time, we must consider not 
only the fundamental law of crystallography, but also the relations 
of the crystal regarding its synmetry (see below). [A system for 
discovering the correct descriptive sotting of crystals has, however, 
been recently worked out by von Fedorow,*^ which altogether removes 
the arbitrariness of choice of the fundamental planes.] 

As TIauy first observed, in its limitation the symmetry of crystals 
holds good to the extent that the difterently directed planes on a 
well-developed crystal, which are regularly related to each other, are 
always of equal value and physical behaviour (as shown by the lustre, 
striation, etc.). The relations of symmetry can be established much 
more certainly by angle measurements ; for the angles between two 
pairs of equivalent planes must of course be identical. If the sym- 
metry were clearly expressed in the external form of the crystal i>oly- 
hetlron, we imist suppose all equivalent planes to be moved parallel, 
each with itself, till they are all at the same distance from a fixed 
point in the interior of the crystal. This ideal geometrical shaping, 
which occurs in nature only in very favourable cases, must always be 
presupposed in the study of the symmetry of a crystal polyhedron. 
Let it be noticed here for subsequent use, that the related set of 
equivalent faces is called a crystal form in distinction from a emn- 
binatum, which latter is a crystal polyhedron made up of dissimilar 
planes. It is not necessary for a simple crystal form to be a closed 
polyhedron ; but it can consist merely, for example, of a pair of 
parallel planes, or even of one single plane. 

^ Coinpftre Th. Liebiscli, Geometrische Krystallogmphic^ cliap. iv., Ijeipzig, 1881. 

[“ Zeifschri/t /ilr KrifutaUographk, 1903, 38. 321. A siiiumary of tins uml further 
iitenioirs of von Fetlorow on the subject will be found in OrystaUography and Practical 
GnjstcU Measurement^ 1911 (Macmillan), by A, E. U. Tutton, p. 535.] 
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The Classification of Crystals according to Symmetry. — We 

now turn to the more detailed study of the properties of the symmetry 
that a crystal polyhedron can have. 

Symmetry can be determined by the occurrence of the three 
following kinds of elements of symmetry : 1 . One or more axes of 
symmetry ; 2. One or more planes of symmetry ; 3. An axis and a 
plane of compound symmetry. These symmetral elements have tlie 
following meaning in crystal structure and geometrical form. 

An Axis of Symmetry is such, that by a rotation through a certain 
fraction of 360° about this axis, every direction is transferred to an 
equivalent one, and the crysUil polyhedron again coincides with itself. 

If - . 360° is the smallest angle of rotation needed, then the axis is 
n 

described as n-fold. According as its two opposite directions are 
congruent or not, this axis is said to bo 'Huo sided'* [bi-lateral], or 
“ one-sided ” [hemimorphic]. Three sorts of “ one-sided " [hemiinorphic] 
axes are to be distinguished according as the groups of faces lying 
about their ends are enantiomorphie directly, or oidy after a roUition, 
or as they are wholly different ; in the latter case, the axis of symmetry 
is styled polar*' From the fundamental laws of crystal logiaphy it 
follows also, among other deductions, that an axis of symmetry is 
always a possible crystal edge, and the plane normal to it a possible 
crysttil face; and further, that only 2-, 3-, 4-, and 6-fold axes are 
I)Ossible. 

A Plane of Symmetry is one in reference to which any two equivalent 
directions lie like an object and its reflected imago, and by which 
the crystal jKjlyhedron is divided into two equal halves resendding 
each other as object and image. A plane of symmetry must obviously 
always be parallel to some possible crystal face. 

An axis and plane of compound symmetry is a combination of an 
axis, round which the crystfd is supposed to be rotated for an alicpiot 
|mrt of 360°, and a plane at right angles to this axis at which reflection 
is supposed to occur. The combination of these two operations brings 
about what is called alternating symmetry. 

While the alieve-iiieiitioned elenientH of synnnetry arc characterised hy 
certain moveiiieiits which make equivalent din^ctions coincide with encli 
other, this is not the case with a centre of symmetry. A centre of syiiinietiy 
is present when every two opposite directions an*, parallel. It is not 
necessarily present in a crystal which has an axis and plane of comi>ound 
symmetry. [For instance, if the axis be either diagonal or hexagonal, 
rotation occurring about it for 180'* or 60", n*flection at tlie plane ])eri)c‘n- 
dicular to the axis jiroduccs a plane jwirallel to the original one, and there- 
fore introduces a centre of symmetry ; hut if the axis he tetragonal, the 
rotation occurring for 00°, the plane arrived at is not jiarallel U) the one 
started with, and thus no centre of eymmetry hccomes j)resent. For this 
reason the “ centre of symmetry ” is not a tme element of symmetry.] 
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There are aho cases in which a certain combination of gymmetral 
elements condition the occurrence of certain other symmetral elements. 
Those symmetral elemente which condition the others are styled ^^genera- 
tive” An iiniKirtant example of this is the law, that a centre of symmetry, 
a plane of symmetry, and an even-fold axis of symmetry normal to the latter, 
constitute a set of elements such, that any two condition the third absolutely. 

Simple forms which cannot be brought into coincidence with their 
reflected image, and which therefore possess neither a centre of 
symmetry nor a plane of symmetry, are said, after Marbach, to be 
“ turned back on themselves.” But the absence of these two properties 
is not sufficient to define exactly such crystals ; for the sphenoidal 
totartohedrism of the tetragonal system (see p. 84, group 24), the 
simple forms of which are coincident with their minor image, although 
they possess neither a centre nor a plane of symmetry, would appear 
in the same class. Minnegerode^ defines crystals “turned back on 
themselves ” strictly as those which cannot be made to coincide with 
themselves either by reflection or by combined twisting and reflection 
{Drehsgmgelung), They possess therefore only axes of symmetry. 
Such a crystal form and its reflected image are styled enantiomor;pUc 
(Naumann), and are distinguished as right and left forms. 

As such forms are of considerable theoretical interest in stereo- 




chemistry, dniwings are here given of two enantiomorphically similar, 
but not congruent quartz crystals.* 

From the different possible combinations of the generative sym- 
nietral elements, there comes about tlie division of crystallised substa^ices 
into thiriydm groups^^ which will be considered below. Of these groups, 

^ iV, Jahrbuch./. Mineralogie, BeUageband 6 (1887)» p. Hi). 

^ From BofUander, Lehrbvrh lU Chemie^ p. 427, Stuttgart, 1896. 

® Tliis wa8 developed by J. F. C. Heasel, 1830 ; A. Bravaia, 1860 ; A. Qodolin, 
1867 ; P. Curie, 1884 ; B. Miunegerode, 1886 ; a thorough presentation is given in 
Til. liebiach’s PhyHkaXische KrystaUographiet pp. 3-60, Leipzig, 1891 ; also in the 
work of A. Schoenrtlesa, RrystalUysteme und Kryatallstntkturf Leipzig, 1891. [Tlie 
subject is also fully dealt with, inc^ding its more recent developments, in chapter x., 
“Crystal Symmetry and its Thirty-two Types,” of CryetalUtgrajihy and Practical 
Crystal MtasuremeHt^ by A. E. H. Tuttou (1911).] 
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each of which is characterised by special symmetral elemciits, those 
are included in one crystal system which can l)e referred to ilu same 
system of crystallographic ojrs. By a system of crystallographic a^es is 
meant such a system of co-ordinate axes as shall, on the one ham), 
satisfy the law of the rationality of indices, i.e. such axes as are 
parallel to possible crystal edges ; and, on the other hand, such as 
express the symmetral behaviour of the crystal, in that this crystal 
is always brought to coincide with itself by all those operations which 
transfer a direction over to an equivalent one. In reference to such 
a system of axes, all equivalent faces receive indices which differ from 
each other only in their order of succession and their sign. Therefore 
one can concisely designate a simple crystal fmviy by a statement of the 
indices of any one of its planes (such indices are enclosed in round 
brackets to distinguish them from the symbols of jKirticular faces). 
(For the numerous other symbols of crystal forms, which have been 
introduced, see the text-books of Crystallography.) 

Before we proceed to the enumeration of the thirty-two groups, and of 
the crystal forms lieloiiging to each, we must call to mind certain geometrical 
relations which exist between the simple forms of the groups belonging 
to the same system. The synunetral elements of tlie groups of lower 
symmetry of every system, form a part of the syniinel-ml rdeinents of the 
groups of highest symmetry of the same system ; hence from the sinijile 
forms of the latter groiqis {holohedral)^ we can geometrically derive all the 
other groups by causing oiiedialf, or throe-fourths, or seven-eighths of the 
planes of the holohedral forms to disappear, according to well-delined laws. 
The fonns so obtained are called respectively heinihedraly tetartohedmly 
ogdohedral, and those which have one jiolar axis of symmetry heniimoiphir. 
It must be noticed that not all tlie simjde forms of the liemihedml and 
tetartohedral groups are geometrically different from the corresponding 
holohedml forms ; thus, for examide, the hexahedron [ciihe] and the 
dodecahedron appear in all the groups of the regular system. But th(*. 
lower symmetry of such crystals can always be recognised by their physical 
behaviour, and especially by the position and shape of the etched figures 
on their faces. The notation of the liemihedml forms is accomplished by 
prefixing certain Greek letters, as (k, tt, y, r, />), before the symbols of the 
holohedral forms from which they are derivable ; in the case of tetnrtoliedral 
forms, two such letters are prefixed, since these forms can be develojKd by 
the combined application of two sorts of lieiuiliedrism. The corivlated 
complementary forms of the heinihedral and tetartohedral groups respect- 
ively, corresponding to the holohedral forms, which are always ])liy8ically 
different, but only geometrically different when they are onantiomorj»hic, 
receive symlwls, wliich differ only by sign or position of the indices. In the 
accompanying abstract of tlie thirty-two groiq^, the following abbreviated 
symliols will be used for the symmetral elements : 

O, for a centre of symmetry ; 

for m equivalent, n-fold, two-sided axes of symmetry, iiiL„ (in which tlie 
opposite- directions are both counted, so that m at least is equal to 2) ; 

G 
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for ni equivalent, one-sided axes, and their opposites, iuLq and ml,^, 
mL„* arul nil„* and inL„ and ml^ .respectively, accordingly as they 
are one-sided of the first variety, or of tlie second variety, or polar ; 
and, finally, 

for a ]>lane of syiiuiietry which is normal to no axis of symmetry, P ; 
and for one which is normal to an n-fold axis, P^. 

Unequal axes of symmetry or jdanes of symmetry of the same sort will 
he distinguished by accents. Of the simple crystal forms of the groups 
of lower symmetry, only those will he mentioned which differ geometrically 
from the corresponding holohedral forms. Further, the forms of the 
heminiorpliic groups will not he especially mentioned, since it is clear that 
they can he derived from the holohedral forms by allowing the planes 
groupe<l about one end of the polar axis to disappear. Those groups of 
which no examples are known, will he given in brackets without stating the 
forrns ; in the other cases there will be instanced a number of the most 
imj)ortant minerals and artiffcially-prepared substances belonging to them. 


I. Regular System 

CJrystallographic system of axes ; thrci; equal axes at right angles to 
each otluu* (parallel to the edges of the hexahedron [or* cube]). 

1. llolohedrism. C ; 6L^, 8L.j, 12L., ; f3P^, 

Ilexakis - octahedi'on (hkl) h>k>l ; triak is - octahedron (hhl) ; icosi- 
tetrahedron (hll) ; tetrakis-hexahedron (hkO) ; octahedron (111); rhomhic- 
d(«lecahcdron (110); hexahedron (100). 

Examples ; P, Si, Fe, Ph, Cii, Ag, Hg, An, Pt ; PhS, Ag.;S ; As.^Oy, 
SKPy ; NaOl, AgCJl, AgPr, CaF.^, K.^PtCl^. ; Fc.^O^ ; MgAl./)^, and the other 
sjrinels : garnet, analcite, perofskite, sodalite, etc-. 

2. Tetrahedml Hemihedrism. 4L.j, 41.^ ; 6P. 

Ilexakis - tetrahedron, K(hkl) ; deltoid - dfxlecixhedron, K'(hhl) ; ti'iakis- 
tetrahedron, K(hll) ; tetrahedron, k'(1 1 1). 

Examples: Diamond;^ ZnS as zinc -blende; tetrahedrite ; horacite ; 
helvite. 

3. Plagiohedral Hemihedrism. 6Lj, SL^, 12L.,. 

Pentagonal ilvcxsa-tetmliedron, 7 (hkl). 

Examples : Clip ; KGl, (NH^)Cl. 

4. Pentagonal Hemihedrism. C ; BL.^, 4L.*, 41.^* ; SP^. 

Dyakis-dcxlecahedron, 7r(hkl) ; ]>entagonal drxlecahedron 7r(hk0). 

Examples : FeSy (as iron pyrites), CoAsy, etc. ; Snl^ ; the Alums. 

5. Tetartohedrism." GLy, 4L.^, 41. j. 

Tetrahedral pentagonal dodecahedron, K7r(hkl) ; the other forms as in 2, 
excepting (hkO), which appears as the pentagonal dodecahedra. 

Examples : NaClO.^, NaBrOg, Ba(NO.j).„ Sr(N0.i)2, Pb(NOA, ; 
NagShS^-t-OHyO; NaU6y(C.yHp.y)3. 


Kvitleiico has been recently a<ldncotl by Van der Veen {Kon, Akcuf.^ Amsterdam, 
1907, p. 182) that the diamond is really holohedral, belonging to Class 1., although it 
cominunly affects a hexakis-tetrahedral form. ] 
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n. Hexagonal System 

System of crystallogmphic axes ; one principal [vertiwil] axis, ami three 
others [lateml] normal to it : these are equal to each other, anti intei’sect 
each other at an angle of 120^ Each plane has four indices, i, h, k, 1, 
three of which, referring to the lateral axis, are ivlated thus — i + h + k = 0. 

6. Holohetlrism. C ; 2L^^, 6L.^, 3Po, 3?.^'. 

Dihexagonal pyramids (ihkl), i>h, -k~k~i-fh; hexagonal pyra- 
mids, 1st order (iOil), and 2nd order (1.1.21.1) ; diliexagonal prisms (ihkO) ; 
hexagonal prism, 1st oixier (1010), and 2nd order (1120); basal plane 
( 0001 ). 

Examples : Beryl, Milarite. 

7. Hemimorphic Hemihedrism. 1^. ; 3P, 3P'. 

Examples : ZnO ; ZnS (as Wurtzite), CdS (Greenockite) ; AgT. 

8. Trapezohedral Hemihedrism. 2Lo, OLo, OL^'* 

Examples : d. lead antimonyl ttirtrate + KNO^ ; d. bariuin-antimonyl 
tartrate + KNO.^. 

9. Pyramidal Hemihedrism. 0 ; L,., 1^. ; P,.. 

Hexagonal pyramids, 3rd order, 7r(ihkl) ; hexagonal prisms, 3rd ordt*r, 
7r(ihk0). 

Examples : (\C1(P0^).„ l\Cl(P0.,).j, Plv,01(AsO^).j, Pb,,01(Vd0^).j. 

10. First Hemimorphic Tetartohedrism. L,., l^.. 

Examples : Nephelin KLiSO, ; d.Sr(SbO).,(C JTjO^.).. and d.Pb(SbO)o 

[11. Sphenoidal Hemihedrism. 2L3, SL.^, 31.^ ; P.p3P.|^ 

[12. Sphenoidal Tetartohedrism. I3 ; B.^.] - 

13. Rhombohedral Hemihedrism. 0; 2L3, 3L2, 3)2; 3P2. 

Skalenohedron, p(ihkl), rhombohedron, p(iOil). 

Examples: P, Te, As, Sb, Bi, Mg, Pd, Os; H.,0, Al.,0.i» Fe^O^, 
Cr20y, Mg(OH)2 ; NaNO^, CaOO.^ (as calcite), MgCO.“, FeGO^j,’ ZnCO.^ 
MnCO.j ; eudialite, chabazite, etc. 

14. Second Hemimorphic Tetartohedrism (Hemimor]»hism of Grtmp 

13). L3,i3;3P. 

Examples: KBr0.j, Ag^jSb2S^. and Ag,.As2S^. (ruby silver), tourmaline; 
NaLiSO^; tolyl-jihenyl-ketoiie, CjjHjgO. 

15. Trapezohedral Tetartohedrism. 2Ly, 3L2, 3I2. 

Trigonal trapezohedron, pT(ihkl) ; rhombohedron (Ist variety), pT(iOil) ; 
trigonal pyramids, /)T(i.i.2i.l) ; ditrigonal prisms, pT(ihkO), trigonal prisms 
Pt(U20). 

Examples: SiOg (as quartz); HgS ; K2S20,., PbSyO^^ + 4 HyO, SrS20(j 
^4H20, CaS20^^ + 4H2O ; Ixjiizil Gj^Hj^O.^, matieo-stearoptene, 0^^,Hjj.O. 

IG. Rhombohedral Tetartohedri.sm. 0; L.^*, I3* 


An example of this class was di.scoverctl in 1907 hy Loiulerback ; it is an acitl 
Utuno-silicate of barium, UaTiSi^Og, and has been named benitoite, and consists ol 
sai>phire-bliie crystals suitable as gem-stones.j 

[■^ This is the only one of the thirty-two classes of crystal symmetry which has not 
yet been met with in actual crystals.] 
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Rhoinbohedron, 3i*d order, /)T(ihkl), 1st order, pT(iOil), and 2nd order, 
/) 7 r(i i.2T.I) ; hexagonal pnsniH, 3nl order, pT(ihkO). 

Exaniplen ; CaMg((J03).j (dolomite), titaniferoiis iron ; H./hiSiO^, 
ZriySiO^, Be^SiOj. 

17. Ogdoliedrisni. J^-j, 1.^. Hemimorphism of 15 or 16. 

Exami)le : NalO^ + SHgO. 


III. Tetragonal System 

System of cTystallogra]»hic axes ; one chief [vertical] axis to wliich the 
third index relei*s, and two eqiuil lateral side axes at right angles to it and 
to each other. 

18. Holohedrism. C ; 2L^, 4L,, .4L2' ; P^, 2P,, 2P2'. 

Di-tetragonal pyramids (hkl), tetragonal i)yramid8, 1st order (hhl), and 

2nd order (liOl) ; di-tetragonal i)risms (hkO), tetragonal prisms, 1st order 
(110), and 2nd order (100) ; basal plaqe (001). 

Examples : B, Sn ; SnO.^, Ti02 (rutile and anatase), ZrSiO^ ; Ilg^Ol^, 
IfgL„ lIg(CN)2; MgFH(C^\-f ; Pb^ClyCO.^ ; vesiivianite, melilite, 

gehlenite, apophyllite. 

1 9. llemimorphic Ilemiliedrism. tq, 1^ ; 2P, 2P'. 

Example : lodo-succinimide. C^H^O^NI ; Pentaerythrite Cr,Hj20.j. 

20. Trapezohedral llemihedrism. 2L^, 4L2, 

Ikitragonal Trapezohedron, T(hkl). 

Examples: Guanidine carbonate. Strychnine sulphate, NiSO^-f OHoO. 

21. Pyramidal llemihedrism. C; 1^,14; P4. 

Tetragonal pyramids, 3rd order, 7r(hkl), and prisms, 3rd order, 7r(hk0). 
Example : 0aW04 ; scapolite ; erythrite, 

22. Hernimorphic Tetartohedrism. L^, 1^. 

Example : d* Ba(SbO)2(C ^n40,.)2 + ; PbMo04. 

23. Sphenoidal Ilenuhedrism. 2L2, 4L2 ; 2P. 

Tetragonal di-sphenoid, K(hkl), and sphenoid, K(hhl). 

Kxam])les : ( hi FeS., (cop] )er pyrites) ; ( JIT (urea) ; KIT^l^O^. 

(24. S}>henoidal Tidartohedrism. L./’, I,* ] ^ 

IV. Orthorhombic System 

System of crystallographic axes ; three unequal axes at right angles to 
each other. 

25. Holohedrism. C ; 2L2, 2L./, 2L2'' ; T\2> P./, Po' • 

Orthorhombic ]>yranlids (hkl) ; prisms (hkO), (hOk), and (Ohk) ; pairs of 
planes (j)inacoids) (100), (010), and (001) the basal plane. 

The great majority of minerals, and esj>ecially also of ar title ialljj- 
projmred substances, crystallise jiartly in this group and 2)artly in group 28. 

Some exanqdes are : S, I, HgCl.^, Hgl., ; FeS.^ (marcasite), Cii.,S ; 
SbyS.^ ; TiOo (brookite) ; BaCO.^, CaC03 (aragonite), SrCOg, PbOO.^ ; KNO.^, 


[' In the year 1906 Weyberg isolated a silicate of lime and alumina of the coinjKisition 
2CaO • AI2O3 • SiO,, in gooil crystals belonging to this class of the tetragonal system.] 
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AgNOgjCaSO^ BaSO^, SrSO^, PbSO^; K^SO^; Mg^SiO,, FcaSiO^ ; topaz, 
andalusite; MgSiOg. 

2(i. Hemimorphism. ; P, P'. 

Examples: Zn2(HO)2SiOg, Mg(NH,)PO, + 6ir.,0 ; i-esorcin, C.IJA, 
tri-phenyl-methane (C^H^gCH. 

27. Hemihedrism. 2L2, 2L./, 2L./'. 

Orthorhombic splienoid, K(l]kl). 

Examples ; MgSO^ 4- 7H.,0, ZiiSO^ 4- 7U.,0 ; d.K(SbO)C^Il/),j, 
KHC^H^O^ KNaC^H.O, 4- 4H,0, NH^NaOJI^; + 4H2O, Cgll^Og, as- 
l)aragine, mycose, etc. 


V. Monoclinic System 

System of crystallographic axes ; two inclined axes, and another (ortho- 
axis) normal to the plane of the first two ; the middle index refers to this 
ortho-axis : all three axes aie nneijual. 

28. llolohedrisni. ; l.> ; Pg. 

Prisms (hkl), (hkO), (Okl) : i)air8 of jdanes in the zone of the ortho-axis 
(liOl) ; especially orthopinacoid (100), and kisal plane (001); clinoj^nacoid 
( 010 ). 

Examples very nuraeims; among othei*s : S (two modifiwitions), 
Se; AsS; As.,Oy ; Sl).,03 ; NaCl + 211,0; KCIO., ; Na.,CO.j 4 1011,0 ; 
lkiCa(C0g)2; (011003)2 + HoCuOg ; + IOH.,0; OaSO^ + 2]ip 

(selenite); FeS0^+7H.,0; MgK2(^^4)‘> + 6H.,0 isomorj)hK ; 

0aNa2(S04)2 ; PbCrO^ ; " (MnFe) WO4 ( wolfrainitiO ; F(*.,(P( ),,)., 4 8 11./) ; 
NagB^O- + IOH2O ; OaSiOg (wollast-onite) ; nngite, hornidende, enclose, 
epidote, orthite, datholite, orthoclase, mica, tilanite, heulandite, Imrmolome, 
etc. ; most organic sulislances, as oxalic acid, jxjt-assium binoxalate, wilicylic 
acid, naphtbilene, anthracmic. 

29. Heniimorphism. L.^, 1.,. 

Examples : Tartaric acid, (piercite, cane sugar, milk sugar, eh*. 

30. Hemihedrism. P. Example : skolezite. 


VI. Triclinic System 

System of crystallogi’apliic axes; three obli<[uely inclined, iiiieipial axes. 

31. Holohedrism. 0. 

All the simple forms are only jiairs of [parallel] planes, 

E.xamples: B(OH)3 ; CuSO^ + SU.^O, KgOrgO^, CaS203 + OH.O; 
MnSiOg, Al^SiO^ (disthene), axinite, microcline, albite and anorlliite, racemic 
acid, C^H^jO^ + 2H2O. 

32. Hemihedrism. No element of symmetry. 

Example: d. monostrontiiim tartrate, Sr(H0^H^0^2 + 21120. 

One can also deduce these thirty-two groups, without assuming 
the law of the rationality of indices, by starting with the conception 
of homogeneity. This method of treatment is considered in the 
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“ theories of crystal structure,” ^ which rest on molecular uuHceptions, 
and according to which there occurs an arrangement of the molecules 
of a crystal about its centre of gravity in a regular system of ^foints. 
All the possible regular point-systems can be developed by the interpene- 
tration of congruent, parallelopipedal space- gratings^ of which there 
are fourteen varieties ; and according to their symmetry, the point- 
systems arrange themselves in the well-known thirty -two groups. 
This theory leads also, in an obvious way, to the law of the rationality 
of indices, by regarding the faces of a crystal as net-planes of the 
point-system. Many special arrangements of this kind, which have 
an important connection with the constitution of chemical compounds 
(o, ra, and p benzene derivatives), have been considered by Barlow 
and Pope.^ 

Twinning and Growth of Crystals.— The regular arrangement 
of matter in crystals is often greatly disguised by one of two occurrences. 
On the one hand, there may occur regular growths of two or more 
crystal individuals (twins, triplets, etc.), which often lead to the 
production of forms of apparently higher symmetry than corresponds 
to the crystal structure of the individmils. These growths can as a 
rule be recognised by the presence of re-entrant angles, which never 
occur on simple crystal individuals, or else by a varying behaviour of 
diftcront pivrts of the same face. 

On the other hand, it is often found that even in a single crystal 
the growth^ ie, the relative development of the different faces, is very 
variable and often irregular, so that equivalent faces often have a 
very different size ; these are distortions. The conditions controlling 
these distortions are not well understood. P. Curie (1885) and others 
have suggested as a controlling factor a certain “surface energy,” 
analogous to that on the surface of liquids, which would bo different 
for the unequal planes of the same crystal ; but except for the 
observation that larger crystals grow at the expense of smaller ones, 
when placed in the same saturated solution, this hypothesis Invs led 
to hardly any results in harmony with experiment. 

The solubility of a crystal is not the same in all directions. This 
can bo shown by treating the surfaces for a short time with a solvent. 
Regularly bounded marl« are thus formed (Aetzfignren) whose arrange- 
ment shows the same symmetry as the ideally developed crystal, and 
often offers the only means of determining the crystallographic group.^ 
Of two dissimilar faces of the same crystal, one may show the grejiter 
solubility in one solvent, the other in another. This may explain the 

' Fraukenheim, 1836 ; Bravais, 1850 ; Camille Jordan, 1868 ; Sohneke, 1876 ; 
Fedorow, 1890 ; with special thoroughness in Schoenfliess’ KrysiaUsysitim nnd Kry- 
i<t(ilt8truJdHr^ Leipzig, 1891 ; [Barlow, 1893-97 (see Proc. Rny, Dublin Society, 1897, 
8. 527)]. 

3 Journ. Vhem. Soc., 89 . 1675 (1906), and 91 . 1150 (1907). 

^ Liebisch, OrunRriss cler physikafischin K^'ystallographie, p. 43, Leipzig, 1896. 
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varying habitus of crystals of the same substances, soilium chloride, 
which usually crystallises in cubes, comes down with octahednil faces 
from a solution containing urea. 

The Physical Properties of Crystals. — In the case of all 
physical properties which are directed quantities, there appears in 
crystals a dependence on direction which, in the elementary laws of 
the processes in question, is expressed by a inunber of constants 
characteristic for each crystal. As already stated, the symmetry, 
which in the behaviour of a crystal appears correlated with some 
physical action, is always the same Jis that of its geometrical form, 
or higher; and the division into groups which one obtains by a 
classification based on any physical property is always in harmony 
with the classification previously developed from the crystalline form. 
In the following section we will consider the physical properties 
particularly in their relations to symmetry ; and we will consider the 
physical laws themselves only in so far as they are of especial imimrt- 
ance for the determination of crystallographic symmetry. For more 
details reference must Im made to the text-books of physics ; and here 
special mention should be made of Liebisch’s Grundriss der phi/sikalischeu 
KrysUdlographie and W. Voigt’s Lelirhuch det' Kristallphysik. 

The physical properties of crystals may be divided into two groups, 
iiccordiug jis they possess a higher or lower symmetry. Jhit the 
symmetry of the physical properties is never lower than that shown 
b}^ the processes of growth and solution. Higher symmetry is shown 
by all those physical properties whose elementiiry laws in crystiils can 
be expressed by an ellipsoid (for which, therefore, regular crystals behave 
as isotropic) ; lower symmetry by those for which this is not possible. 

To the first class belong iherinal expansion and comjmssio7i hy equal 
pressure from all sides ; the conduction of heat and (dectiicity, diclectiic and 
nuignetic polayisatioiij and finally the thermo-electric phenomena. 

The significance of the ellij)soid in these cases is essentially as 
follows : — 

In thermal expansion an imaginary sphere in the inner part of the 
crystal is distorted to an ellipsoid, the principal axes of which arc 
proportional to 1 + Ajt, 1 + A 2 t, 1 -f Agt; where Ag, and A.^ respectively 
are the principal coefficients of expansion, and t is the amount of the 
change of temperature. If this ellipsoid of dilatation is given for a 
definite temperature interval t, then one can calculate the changes of 
the dimensions and of the angles of the crystal. 

In the case of the phenomena of conduction, suppose that at a 
point of a crystal (of unlimited extension), there is a source of heat or 
of electricity; then the surfaces of equal temperature (or potential 
respectively) will be similar and similarly arranged ellipsoids, the 
principal axes of which are proportional to the square roots of the 
principal conductivities. 
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Finally, the relations between the intensity and the direction of di- 
electric polarisation (or of the magnetic polarisation) of a crystal, in a 
homogeneous field, on the one hand, and the direction of the lines of 
force on the other hand, can be shown by the aid of an ellipsoid, whose 
principal semi-axes are the square roots of the reciprocals of the 
principal di electric coefficients (or magnetic constants respectively). 
As is true of other similar crystal phenomena we find that the direc- 
tioii of the force and of the polarisation, or more generally of the 
action and of its effect, need not be identical. Crystal magnetism has 
been especially investigated by P. Weiss, ^ who showed that the 
magnetic coefficients of pyrrhotite were so dependent on direction, 
that actually this mineral is paramagnetic in the direction of its 
principal axis, and diamagnetic in a perpendicular direction. Similarly, 
an ellipsoid servos to show the connection between thenno-electric 
force and the direction of the greatest fall in temperature. 

Irnismuch as six magnitudes must be determined in order to fix 
the directions and lengths of the principal axes of an ellipsoid of un- 
e({ual axes, so processes of this sort, in the most general cases, depend 
on six physical constants, the values of which will vary with the 
temperature (and the pressure). Thus, from the consideration of each 
of the physical properties enumerated above, wo can classify crystals 
into the five following groups : — 

I. Regular System : the ellipsoid is a sphere ; no distinction from 
the behaviour of amorphous bodies. 1 constant. 

I[. Hexagonal and Tetragonal Systems : the ellipsoid is one of 
rotation, where the chief crystallographic axis is the axis of rotation ; 
the length of this axis and of the equatorial semi-diameter are alone 
to be determined ; therefore 2 constants. For every physical property 
one can make two subdivisions of this class, according as the ellipsoid 
of rotation is oblate or prolate. 

III. Orthorhombic System : the ellipsoid has three unequal axes 
having a fixed direction, but of variable lengths ; these are the crystallo- 
graphic axes. 3 constants. 

IV. Monoclinic System: one of the three unequal axes of the 
ellipsoid coincides with the ortho-axis ; the directions of the two others 
vary. 4 constants. 

V. Triclinic System : all throe axes of the ellipsoid vary in length 
and direction. 6 constants. 

In relation to the properties considered here, the crystals of group 
I. are MropiCy those of group II. have one oHs of isotropy^ those of 
groups III., IV., and V. have no axis of isotropy. 

The Optical Properties of Crystals.^ — A somewhat greater 
multiplicity of the relations of symmetry appears in the optiail pio- 

^ Hidl. Soc. Fratu^, de Physique^ 1905, p. 335. 

See F. Pockels’ fjehrbttch dcr Ki'istalloptik^ Leipzig, 1906. 
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perties of crystals. Here also, as will be seen below, the behaviour of 
the great majority of transjHireni crystals can be explained by the aid 
of an ellipsoid, but there are two groups of transparent crysLils, viz. 
the “optically active,” for which the ellipsoid is not suitable; and 
when the crystals absorb light the relations are very complicated. 
The latter subject we must pass by with a reference to P. Drude’s ^ 
work, only it should be observed that an absorbing crystal hiis always 
twice as many optical constants as a [perfectly] transpiirent one of the 
same symmetry. 

Tlie division of crystals, ihon, accoixliiig to tlieir optical iKibaviuiir, iw as 
follows : — 


A. Optically Isotropic Crystals 

I. Singly refracting : regular hysteni. — The wave-siirfnce is a 

1 constant. (Very often regular crystals also sliow weak, irregular double 
refractiou ; this belongs to the so-called “optical anomalies,” tlie c/ihse of 
which, though certainly of a secondary nature, has not been satisfactorily 
explained.) 

II. Having tlhc iwwer of rotation [rotary polarisation]. — A part, of the 
crysUils of groii]) 5 ixjloiig here. The wave-surface coiisiHls of two concmitric 
spheres. 2 constants, 

B. Optically Anisotropic Crystals with One Axis of Isotropy 

III. Optically Uni -axial mthoat Motatonj Pmver (liexagoiial and 
tetragonal system). — The wave surface (Huyghens’) consists of an ellijwioid 
of rotation (the rotation axis of wliich coincide.s with the chief crysUillo- 
gnij)hic axi.s), and of a sphei'e whicli touches the former at the poles. Tlie 
oi)tically uni -axial crystals are subdivided into i>ositive and negative 
varietie^ according as the ellij^soid of rotation is prolaUj or oblate. 

2 constants. 

IV. Optically Uni-axial with Rotatory Power (groups 15, 17, and 20). — 
The wave-surface consists of two rotation-surfaces, one dillering but little 
from an ellipsoid, and the other but little from a sphere. 3 constants, 

0. Optically Anisotropic Crystals without Axis of Isotropy 

The wave-surface (FresnePs) is in all cases a surface, of tlie fourth 
degree, with three twofold axes of symmetry at riglit angles to each other. 
It is cut by its planes of 8}Tnmetry in a circle and in an ellijwe, and lias two 
imirs of singular tangenti.^ planes touching it in circles. The normals to 
tliese tangential planes are the optic axes. Distinctions arise Iiere if we take 
into consideration the crystallographic orientation of the optic axc^s of 
symmetry, and their connection with the temi^rature and with the wave- 
length of light. There are the three following classes : — 

V. Optically Bi- axial Crystals of the Orthorhombic System. — Fixed 

1 Wied. Ann. 40. 665 (1890). 
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directions of the optic axes of symmetry, coinciding with the crystallo- 
graphic axes. 3 constants. 

VI. Optically JH-axial Crystals of the MonocUnic System. — Only one 
opti(;al axis of symmetry is fixed, viz. that having the same direction as 
the ortho-axis. 4 constants. 

VII. Optically Bi-axial Crystals of the Triclinic System. — All three of 
the optic axes of symmetry have variable j)OBitions. 6 constants*. 

The law of double refraction in inactive anisotropic crystals, or those of 
categories III., V., VI., and VII., can be easily developed in the following 
way with the help of the so-called ^^index-ellipsoid.” Its semi-axes coincide 
in direction witli the optic axes of symmetry, and their values can be easily 
<lerived from the three or two chief indices of refraction as follows. 

One obtains the velocity of tmnsmission, and the polarising directions 
of those plane waves which advance in a given direction, by passing, through 
the middle point of the index ellipsoid, a plane normal to this direction, 
and then determining the principal axes of the resulting elliptical section. 
Them!, axes are the i)olarising directions sought, and their reciprocals are 
the velocities of transmission, compared with these in air as unity ; here it 
is to be observed that the velocity of transmission of every wave is 
determined by that ellipse axis which is at right angles to the plane of 
])o]ari8ation. The two directions for which the ellii)se section is a circle, 
when the ])olari8ation direction is indefinite and the two wave velocities are 
e([ual to each other, are the optic axes. On this method is based the 
derivation of' many phenomena of double refraction, which cannot be 
eriicred into here, but which will be found thoroughly presented, for example, 
in Pockels’ Kristalloptih. 

Optical activity is superimposed on ordinary double refraction, in the 
case of crystals of category IV. ; this leads to the result that in the direction 
of the- axis of isotropy there occurs circular polarisation^ but elliptic 
polarisation in all other directions inclined to thi.s. An analogous super- 
position of optical activity on ordinary double refraction occurs in the 
cose of those optically bi-axial substances which have crystal forms “ turned 
back upon themselves”; e.g. rhombic heinihedral (group 27) d. potassium 
sodium tartrate, and monoclinic -hemimorphic cane teugar (group 2b) 
(Pocklington) ; ' also especially monoclinic-hemimorphic ramnose (Dufet).- 
Optical activity is theoretically possible in all groups having neither centre 
nor plane of symmetry, i.e. ajiart from those mentioned, in the groups 3, 8, 
10, 22, 24, 27, 20, and 32. Experience shows that in the case of crystals 
“turned l)ack uimn themselves,” it does not follow convei-sely that there 
must be circular polarisation ; instances of this are found in the regular 
te tar tolled ral nitrates of Pb, Ba, and Sr. It is worthy of remark that those 
(organic) substances which are optically active in solution always crystallise 
in the inverted forms (Pasteur, 1848) ; but most crystals with circular 
polarisation (for example NaClOg, NaBrOg) give inactive solutions. Optical 
activity in both crystallised and dissolved states is shown only by a few organic 
compounds such as strychnine sulphate, rubidium tartrate, etc. : » the activity 
in the crystal state is usually much the greater. 

1 Phil. Mag. [6], 2 . (1901), p. 368. * Joum. d. Phys. [4], 3. (1904), p. 757. 

® See H. Traube, Jahrb. /. Mhieralogie^ 1896, p. 788. 
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The Physical Properties of Lower Symmetry. — The most 
important property by which all regular crystals are distinguished from 
amorphous substances is elasticity. According to the theory of elasticity, 
the potential energy of unit volume of a deformed homogeneous crysUil 
is a quadratic function of the moduli of deformation (as named by 
Kirchhoff); the coefficients occurring here are the so-called elasticity 
constants of the crystals, provided that the crystallographic axes are 
chosen as the co-ordinate axes. As Minnegerodc^ first showed, ac- 
cording to the symmetry of their behaviour respecting elasticity, the 
following nine classes of crystals are to be distinguished : — 

{a) Regular system ; groups 1-5, with 3 elasticity constants. 

{h) Hexagonal system ; groups 6-1 2, with 5 elasticity constants, 
{c) Hexagonal system; groups 13-15, with 6 elasticity constants. 
\d) Hexagonal system; groups 16 and 17, with 7 elasticity con- 
stants. 

(e) Tetragonal system ; groups 18, 19, 20, and 23, wuth 6 elasticity 
coTistants. 

(/) Tetragonal system; groups 21, 22, and 24, with 7 eliisticity 
constants. 

(y) Orthorhombic system ; groups 25-27, with 9 elasticity con- 
stants. 

(Ii) Monoclinic system ; groups 28-30, with 13 elasticity constants, 
(i) Triclinic system; groups 31 and 32, with 21 elasticity con- 
stants. 

That no more groups occur is due to the fact that the elastic pres- 
sure, as well as the amount of deformatio?), are magnitudes centrally 
symmetric. The elastic symmetry is expressed with especial clearness 
in the dependence of the coefficient of elongation {i.e. the elongation 
effected by the pull 1, in the direction of this pull) upon the direction. 
This relation can be shown by means of a closed surface, by plotting 
through a fixed point each pull -direction corres|)onding to the co- 
efficients of elongation. Similarly the torsion coeffeient of a circular 
cylinder can be represented as a function of the crystallographic 
orientation of the axis of the cylinder. (Reference should be made 
to the numerous researches of W. Voigt, a summary of which is given 
in Liebisch^s book, chap, ix., and especially to the account in S 7 
of Voigt’s Kristallphysik^ Leipzig, 1898.) It is especially worthy of 
mention that, in the case of the groups of the hexagonal system, under 
{h) in the preceding classification, the elasticity is the same in all direc- 
tions having the same inclination to the principal axis. This does not 
hold good for the other groups of the hexagonal system, nor for those 
of the tetragonal system. Moreover, there are very remarkable varia- 
tions of the coefficients of elongation and of torsion respectively, in 
different directions, as appears from the observations on calcite, dolo- 
mite, tourmaline, and barytes, for example. 

' Minnegerode, GCtt, Nachr,, 1884. 
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The jrroperties associated mih cohesion^ as cleavage and hardness^ in 
respect to which the regular crystals also seem to be anisotropic, have 
not as yet yielded to mathematical treatment. 

The properties of crystals considered up to this point only differ 
from similar properties of isotropic bodies by being dependent on 
direction. There are, however, specific crystal phenomena which do 
not occur at all in the amorphous state. These occur specially in 
crystals with no centre of symmetry. The most important are piezo 
and pyro-electricity, i.e. excitement of electricity by elastic or thermal 
deformation. Pyro-electric excitement by uniform heating or cooling 
is particularly characteristic of the groups having a characteristic polar 
axis of symmetry, viz. 7, 10, 14, 17, 19, 22, 27, 29, 30, and 32 ; this 
property, therefore, is a good sign whereby to recognise these groups, 
apart from their crystalline form and etched figures. Remarkable 
examples are tourmaline, calamine, struvite, cane-sugar, and tartaric- 
acid ; also quartz, in which the three side-axes, and boracitc, in which 
the four threefold axes are polar, can take electrical charges only by 
nnemi heating or cooling, with + and - alternately on the ends of the 
polar axes. 

As the pyro electric effect is an interchange of heat and electricity, 
it can be treated thermodynamically, at least so far as the reversible 
part is concerned. This treatment leads in this, as in other cases 
(p. 20), to reciprocal relations, and wo conclude in p{irticular, that if 
warming excites electricity, then electrification of pyro-electric crystals 
must be accompanied by warming or cooling. Such an electro caloric 
effect, which was predicted by W. Thomson,^ was observed by Straubel 
in the case of tourmaline. 

The Determination of the Orystallographio Symmetry. — 

In the study of transparent crystals optical tests should be first 
a})pliod. It should first bo determined, by a polarisation apparatus 
for parallel light, or by a microscope fitted with polarising ami analys- 
ing nicols, whether the crystal is optically isotropic (singly refracting 
or circularly polarising), or doubly refracting ; and in the latter case, 
how the directions of extinction are orientated with reference to the 
bounding erystjil faces ; (those extinction directions are the directions 
which must bo parallel to the polarising planes of the crossed nicols, 
when the crystal appears, dark, and they are therefore the polarisation 
planes of the waves transmitted in the direction of observation). 

Next follows an examination in converging polarised light (with 
the Norremberg’s apparatus, or, in the case of small objects, with 
a microscope fitted for converging light), when the light is })assed 
through crystal sections with parallel planes, which are either 
naturally suited for this, or artificially prepared, by grinding or 
splitting. Usually it will be advantageous and save polishing, if 
^ MiUh, Phys. Papers^ 1, p, 316. 
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one immerses the crystal in a liquid having nearly the same re- 
fractive index. The following is a descnption of the characteristic 
interference phenomena which one first observes in homogeneous light ; 
it will be noticed whether the crysUil is optically uni-axial or bi-axial, 
and in the latter case how the optic axes lie. In the case of uni-axial 
crystals, in plates cut perpendicularly to the optic axis, between crossed 
nicols one sees a series of concentric circles, alternately light and dark, 
which are intersected by two dark bands which are at right angles to 
each other ; in plates cut parallel to the axis the rings become equilateral 
hyperbolas ; a section, cut from a crystal in any other direction, shows 
exccntric systems of ellipses or hyperbolas according to its inclination 
to the optic axis. In the case of crystals optically bi-axial, in sections 
normal to the first mitfdU line ” (i.e. the line bisecting the acute angle 
of the optic axes), when the angle is not too great, one sees a system 
of lemniscates which are crossed by two dark bands at right angles 
to each other, or by two equal dark hyperbolic brushes, accoiding 
as the plane of the axes coincides with the principal section of one 
nicol (normal position), or as it makes an angle of 45° with it (diagonal 
position). With sections normal to “ the second middle line ” {i.e, the 
line bisecting the obtuse angle of the optic axes), or parallel to the 
plane of the optic axes, there are seen sy^stoms of concentric hyperbolas 
which are exactly symmetrical in the latter case, but not so in the former. 
Finally, it is to be noticed that sections normal to one axis of a bi-axial 
crystal show an interference figure consisting of almost circular curves 
which are crossed by one dark band. Interference curves are visible in 
white light, but only in sufficiently thin sections, or such as are nearly 
normal to one optic axis ; the symmetry of the distribution of colour 
o})served in the normal or diagonal position of the plate, and which 
depends on the position of the middle lines of caoJi particular colour, 
allows one to determine whether the crystal system is orthorhombic, 
monoclinic, or triclinfc. (Wc distinguish in the case of monoclinic 
crystals three varieties of the “ dispersion of the optic axes of sym- 
metry ” : 1, inclined dispersion when the optic axes lie in the plane 
of symmetry ; 2, horizontal, and 3, crossed dispersion when the plane 
of the optic axes is at right angles to the plane of symmetry, and the 
first and second middle lines respectively lie pfirallel to this latter 
plane.) 

After the study of these optical phenomena has enabled a fairly 
accurate conclusion to be drawn on the nature of the symmetry of the 
crystal under examination, — which may be of great value when dealing 
with complex combinations with irregular development of plarms, — 
the angles are measured by means of a reflection goniometer, apcrspectivc 
sketch having been previously made to show, as far as possible, the 
arrangement of the particular planes, each of which is marked with a 
letter. 

The angular measurements will enable the symmetry of the 
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geometrical form to be more accurately determined (because equal 
angles lie between similar planes) ; and, further, will serve to determine 
the elements of the axes (i,e. the geometrical constants) of the crystal. 
In the case of monoclinic and triclinic crystals, the choice of funda- 
mental planes is purely arbitrary (for the former, 100 and 001, and 
also for the latter 010), but one can give to any fourth plane not 
lying in a zone of any two of the first planes, arbitrary indices, for 
example 111, and can calculate from the inclination to the fundamental 
planes, directly 6r indirectly obtained, the axial units a : b : c. (The 
angles between the axes are already known by establishing the 
fundamental planes.) To determine the indices of the other crystal 
pianos, one needs at most two angles, measured from different zones ; 
but it is the custom to have more, if possible, in order to have a 
control of the calculated elements of the axes and indices. 

If the occurrence of the faces gives rise to doubts to which 
group of the system a crystal belongs, we must proceed to study the 
otch^ figures, the pjo^o-electric properties, etc. Finally, after the 
symmetry and geometrical constants have been determined, further 
tests should be made of the characteristic physical properties, especially 
the character {i.e, whether positive or negative) and the strength of the 
double refraction must bo determined ; in the case of crystals optically 
bi-axial, the angle between the optic axes', and in monoclinic and triclinic 
crystals, the orientation of the optic axes of sijmmeti'y must bo determined 
for the different colours ; also, when it is possible, one must measure 
the principal indices of refraction by the method of total reflection, or 
by the prism method, and eventually one must study the absori}tion 
phenomena (ploochroism). 

Polymorphism* — Although, in general, each substance occurs in 
a definite crystallographic symmetry and form, which is characteristic 
for itself, yet many instances occur where the ' same substance exhUdts 
dijfhmt ci'ystal forms. The appearance of one and the same substance 
(having not only identical composition, but also identical constitution) 
in two or more crystal forms, i,e, forms with different symmetries, and 
also with different elements of the axes, is called dimorphism or poly- 
morjihism. This phenomenon was first recognised hy E. Mitscherlich, 
in the salt NallgPO^ + H^O (1821), and in sulphur (1823). The 
different kinds of crystals of a polymorphous substance ai’e to be 
regarded as different modifications analogous to the different states of 
aggregjition ; they are therefore called physical isomers, in contrast to 
chemical isomei's. 

The following are among the important examples of polymorphic 
substances. For the particular group to which each modification i)elnngs, 
see the preceding summary of the thirty-two groups. 

C, S, Se, Sn ; Ou.jS, ZnS, ITgS, FeSg ; A8.,0.^, Sb.jOg, SiO., (quartz and 
tridymite), TiO.^ ; Agl, Hgl^; OaCOg, KNOg^ NaClOa, KClOg, NH^NOg ; 
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KgSO^, NiSO. + eHgO, MgSO, + 7ap, FeSO, + VH^O, NaHjjPO^ + H^O, 
boracite, Al^SiO^ (aiidahisite, (liathene, and si]liiuanite), Ihe huniito group, 
zoisite and epidote, leucite, potassium felspar ; also many organic compounds, 
as clilor-m-di-nitro-benzene, clilor-o-di-nitro- benzene, i)enzoplicuune, /:?Hli- 
brom-propioiiic acid, mono-chlor-acetic acid, inono-nitro-tetra-l rom-lMJUzene, 
hydroquinoue, maloiiamide. 

Polymorphism (unlike chemical isomerism) is restricted to the 
solid state ; on sublimation, polymorphic modifications yield the same 
vapour ; on solution, the same liquid, just iis the vapour from ice or 
water is identical, and tliQ solution of ice or water in alcohol gives an 
identical aqueous alcohol. 

But the vapour pressure (and solubility) of two polymorphic modi- 
fications is, in general, different ; hence, in general, two polymorphic 
forms are not in equilibrium together, for vapour would pass from the 
form with the higher to that with the lower pressure, and the one 
would grow at the cost of the other. Equilibrium can occur only at 
the temperature at which the vapour pressure of the two forms is the 
same, i.e, at the point of intersection of the two vapour pressure 
curves, just as (p. 72) coexistence of the solid and liquid sUtes 
depends on equality of vapour pressure. 

The point at which the two modifications coexist is called the 
transition temperature ; above that, only one, below it only the other 
form is stable, just as below 0° water freezes, and above 0° ice melts. 
But an important difference is that solids cannot bo heated above theii’ 
melting-point without melting, whereas most polymorphs can be kept 
for some time above their transition temperature before being entirely 
converted, and some even show no tendency to he converted. Thus, 
calcite and firagonite can exist together through a wide range of 
temperature, and others, such as diamond and graphite, have not so 
far been converted by mere change of temperature. The transition is 
usually facilitated by contact p 
with substance that has been 
already converted, just as the 
solidification of an undercooled 
liquid is brought about by con- 
tact with the frozen subsUince. 

The energy of two modifica- 
tions is usually considerably 
different, as with the solid and 
liquid states ; the evolution of 
heat in passing from one into 
the other is called the heat of 
transition. 

These relations can best be studied with the aid of Fig. 8 which, 
like Fig. 4 (p. 72), shows the vapour pressure curves of the different 
modifications. The point of intersection of curves a and b which 
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represent the polymorphic forms A and B is the transition point, 
for there the vapour pressure of both is the same. Below that point 
A lias the smaller vapour pressure, and is sUble ; above, the conditions 
are reversed, and B is stable. 

The melting-point of each modification is at the intersection with 
the vapour pressure curve of the liquid. Two cases are possible.^ 
Either the latter curve cuts a and b above the transition point (I, Fig. 
8) or below (II). Only in the former case is the transition point 
actually attainable ; in the latter, both modifications would melt first. 
Sulphur is an example of the first case ; rhombic sulphur on heating 
to 95'" *6 passes over into the monoclinic form, and the latter on cooling 
reverts to rhombic. Benzophenone is an instance of the second ; 
two modifications with different melting-points are known, and, as 
appears from Fig. 8, that with the higher melting-point must be the 
more stable. In this case, then, it is not possible to pass from either 
modification to the other by mere heating or cooling ; the unstable 
modification has to be prepared by crystallisation from suitfibly 
undorcooled li(iuid.‘^ 

Polymorphism sometimes gives rise to a peculiar phenomemm. If an ex- 
tended dimorphic crystal is heated above its tmnsition point, it often preserves 
its external form but actually changes over into an aggregate of very much 
amalUir, irregularly orientattul crystal individuals of the stable form. The 
form of the large crystal, now without any real significance since it only 
pretends to a regularity which it does not possess, is called “ pseud omorphic.” 
Thus there exist in nature crystals of aragonitcj which are really only 
aggr(gate8 of small calcspar crystals, and vice versa. The possibility of the 
existence of tlie unstable aragonite at ordinary temperatures can be explained 
by the slowness of changes in crystals. 

Amorphous State. — On cooling a homogeneous liquid sufficiently, 
it acquires, in general, the property of crystallising ; at points of its 
interior nuclei arise which grow more or less fast, and eventually 
cause the whole liquid to become crystalline. A liquid can therefore 
bo under cooled {i.e. cooled below the melting-point) the more easily the 
fewer the nuclei in it and the more slowly they grow. 

If a liquid were suddenly cooled to the absolute zero the facility 
for crystallising would not occur; for then molecular movement would 
cease, and the favourable collisions of molecules (Book II. Chapter II.) 
needed for the formation of a crystal nucleus would be wanting ; nor 
could a nucleus grow, since the velocity of crystallisation must vanish 
too. It appears, then, that at the absolute zero the state of under- 
cooled liquid must be practically stable ; it is further obvious that, 
with the cessation of molecular movement, the easy mobility of the 
parts of a liquid must cease too, whereas its isotropy must remain (in 
contrast with the crystalline state). 

I OstwalU, AUg. Chem. 1st ed. 1 . 695 (1886) ; 2nd ed. 1 . 948 (1891). 

^ K. Schauni, “Arten der Isoiiierie,’* Marburg, 1897. 
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Numerous observations show that such a state is possible for many 
substances at the ordinary and even higher temperatures, Le. great 
undercooling can be relatively stable ; this condition has long been 
called amoi'plwus ^ (in opposition to crystalline). 

The characteristics of the amorphous state follow from what wo 
have said \ externally it has the projierties of a solid, owing to great 
viscosity and considerable rigidity, produced by strong mutual action 
of the molecules. An amorphous body differs from a crysUU, howevei*, 
in its complete isotropy and absence of a melting-point ; on heating, 
it passes continuously from the amorphous to the usual litjuid state, 
as its properties show steady change with rise of tempemture, and no 
breaks anywhere. 

Since amorphous bodies (hucIi as glassi‘8) hIiow rigidily, it would follow 
from this hypothesis that ordinary licpiids, and even gtises, must also, though 
to a very slight extent ; so far, this has not l)v:en provinl, possibly owing 
to the extreme smallness of the property. 

Quartz (previously fused, or as agate or chahuHlony), silicates (glasses), 
and many metallic oxides, are good examples of the amorphous slate. 
Amorphous precipitates, difficult to wash and apt to bring down impurities 
with them, are frequent in chemical work and disadvantageous. 

Sometimes crystallisation of amorphous bodies cannot be observed within 
oidinary limits of time ; sometimes it occurs slowly, as in the devitrification 
of glass j occasionally with almost explosive violence. Tamniann {loc. vit.) 
quotes a good example of this in Grove’s discovery (1856) of (‘xplosivc 
antimony. This metal is deposited in amorphous form (always containing 
some chloride) by electrolysis from solutions of antimonious chloride ; on 
passing over into the crystalline slat*, an evolution of 21 calories ])e,r gram 
occui’s. If a part of the antimony be heated to 100^’ - 160“, ra 2 )id ciyKtalliwi- 
tiou tvhes place, and this, on account of the heat develope<l, is propogatt'd 
like an explosive wave. 

Liehisoh ^ has shown that regular heating of tlie whole mass causes many 
minemls, such as gadolinite, to pass over quickly from the amorphous into 
the crystalline state. 

^ This view of the amorphous state is developed and discussed by 0. Tarnnuinii, 
Schmelzen wid Kristallisieren, Leipzig, 1903 (Ambrosius-Bartli). 

Berl. Akad. Ber.^ 1910, I. j). 360. 
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CHAPTER IV 


THE PHYSICAL MIXTURE 

General Observations. — In tlie preceding chapters we have con- 
sidered cliiofly the liehaviour of substances having a simple chemical 
composition : in the following chapter will be considered the most 
important properties of the physical mixture. By the term physical 
mixture we moan a complex of dijferent suhtance.% which is at all points 
homjgetieoMs, both in a physical and a chemical sense. According to the 
state of aggregation we must distinguish between gaseous, liquid, and 
solid mixtures ; in special cases we call them gas-mixtures, solutions, 
isomorphous mixtures, alloys, and the like. 

The physical mixture must not be confounded with the coarse 
mechanical admixtures of solid or liquid substances, as powders, 
emulsions, and the like, the various ingredients of which can be 
separated from each other without much difficulty, as by detection 
with the microscope, separation by gravity, by washing out, etc. 
'Fhey originate by the mutual molecular intermingling of the various 
substAncos of which they are composed, and the separation of their 
C(mipononts is for the most part associated with the expenditure of a 
very considerable degree of work, a knowledge of which is of the 
very greatest importance. In terms of the molecular hypothesis, 
physical mixtures differ from chemically simple substances, in that 
the latter consist of the same kind of molecules, while the former 
consist of different kinds of molecules. 

(lases alone possess collectively the property of unlimited 
miscibility. The solvent power of different liquids for each other, 
and also of liquids for solids, is much more limited ; and still more 
rarely are crystallised substances able to form mixed crystals in all 
proportions. 

Gas Mixtures. — As woidd be expected, the most simple relations 
are found in the case of mixtures arising from the mutual inter- 
penetration (diffusion) of different gases. In those cases where there 
is no chemical action associated with tiie intermingling, the properties 
of each particular gas reniiiin unchanged in the mixture, i.e. each 
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gas conducts itself as though the others were not present ; the pressure 
exerted upon the containing walls, the capacity of absorbing and 
refracting light, the solubility in any selected solvent, the specific heat, 
etc., all of these properties experience no change in the iiiterinixturo. 
Thus we can predict the [physical] properties of a gas mixture of 
known composition, if we have previously determined the properties 
of each particular ingredient. This can be regaixlod as characteristic 
of ideal gases. As all the laws of gases are only approximate rules, 
exact measurement will probably bring to light small deviations from 
the rules given above. At least it has already been shown that the 
pressure exerted by a gas mixture does not strictly obey the law of 
the sum of their pressures. 

If two gases are mixed by allowing them to diffuse into each other 
at constant volume, there occurs no development of hciit^ and also no 
expenditure of external work ; consequently the total eiienjy [U], re- 
mains unchanged in this process. But since the mixing of two gases 
takes place automatically, it is obvious that the process, rightly directed, 
can perform external work ; the maximum of external work is obtained, 
as always, when the process is conducted reversihlif. 

Now, as a matter of fact, a very simple mechanism may bo con- 
trived to work in the desired way : it depends upon a pro])erty 


possessed by certain partition walls, of being iienn^able for certain suh- 
stances^ hut not for others; partitions of this sort are called sewi- 
pcrmeable ” ; they have recently proved of immense service in the 
advance of both theory and exi)eri- 

ment. Let there be iq g.-mol of a m 

gas in the division I. of a cylinder ^ ^ ^ 

(Fig, 9), the volume of which is Vj, ^ \ ^ ~ 

and in division II., the volume of 1 — ^ f 

which is V 2 , d., g.-mol of another gas. 

During the process the system is 

maintiiined at the constant temperature T. In the cylinder are 
two closely - fitting, movable pistons a and b; let piston a be 
permeable for the first gas, Imt not for the second ; and, conversely, 
piston b should give free ptissage for the second gas, but not for the 
first. Two piston rods, a and which pierce the two air-tight 
cylinder heads, servo to carry the motion of the contents to the 
outside. At first the pistons should bo pushed up close to each 
other ; then the first gas will exert a pressure on piston b, but not 
on a, since it can freely pass through the latter ; and conversely for a 
similar reason, the second gas, by virtue of its expansive force, will 
tend to move only the piston a. If we offer no resistance to the 
piston rods, this pressure action will cause the pistons to move to the 
ends of the cylinder, as is shown in Fig. 10 ; at the same time the 
two gases arc mixed. If, conversely, we press in the two jnston rods, 
the first gas will offer resistance only to the movement of piston b, 
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and the second gas only to the movement of piston a; if we push 
back the pistons to their original positions, there occurs a separation 
of the gases, and, at the same time, we bring the two gases back to 
their original volumes. The process is thus completely reversible. 

Now the work which can bo obt;uned by the intermingling is 
easily calculated : during the expvnsion each gas presses with its 

CC 4 ' 
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actual partial pressure on tlie piston oi)posing its passage, and 
acicorrlingly performs exactly the same work, as though the other gas were 
not p'eseTit. Since the n^ molecules of the first gas expand from Vj to 
Vj h Vg, the work performed by them according to p. 51 is 

arid for the second gas the work is 

and for the sum of the two 

A - Aj -f A, = HT(n,ln'^l-i^2 ^ - A . (L). 


This formula was first developed by Lord Itayleigh,^ but after- 
wards independently and more thoroughly by Boltzmann. Of course, 
if the system wore not maintained at constant temperature, it would 
be cooled during th(i performance of the work, since there results no 
heat from the simple intermingling of the gases ; under these circum- 
stances, the equivalent quantity of heat would bo absorbed from the 
environment, exactly as in the expansion or compression of a single 
gas. 

From the equation (p. 23), 


A-U.t" 


since in our case U is equal to zero (p, 51), it follows that 


or integrated 


A-T 


,dA 

dT’ 


liiA = liiT 4- C, 


’ Pfii/. Miuj. 49, J311 (1875). *•* Wiener iSiUmujufter.^ 1878, II. p. 783. 
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in which C denotes an unknown constant ; from this it follows that 

A = cT. 

in which c denotes a new constant. 

Thermodynamics confirms, therefore, the correctness of the result 
given above, inasmuch as it requires a ratio between A and the 
absolute temperature, which, in fact, coincides with the formula 
obtained by the method described. 

Though the derivation giv’cn above is exlreinely clear, yet it must not 
be overlooked that it ninnot he used iu demonsf ration until it has been 
proved that the senii -permeable walls used in the process ran he rcalisei! 
in actual cases : thermodynamic considerations must not be developed by 
fictitious cyclic processes, but only by those which are j)0S8ihle in nature, if 
they are to attain to the rank of scientific proof, and not merely to that of 
arbitrary speculation. I would emphasise this the more, because hitherto 
the question of the practicability of the process in ([uestion has be(*n dis[K)stul 
of rather too easily. Now, as “semi-permeable })artitions ’Miave played a 
very importJint part in many lines of research in ivcent times, and as tludr 
introduction has simplified cfilculation, a few words will l)e otfensl concerning 
their legitimate use in thermodynamic conclusions. 

For certain cfis(*s there are undoubtedly partitions having the ([iialily 
desired ; thus, palladium foil at high temperatures i)osseas(‘s the in’opi*rty.^of 
allowing hydrogen to i^ass through easily, but of li indering other gase.‘«. A 
gas very soluble in water can easily diffuse through a membrane moistcmsl 
with water, while a gas which is soluble with difiiculty in watei* cannot so 
diffuse. Thus if a piece of moist pig’s bladder is tied over th(‘ mouth of a 
funnel, which is fixed with the mouth upwards, and with IIkj tij) in 
connection with a mercury manometer, and then ammonia gas is led under 
a jar held inverted over the funnel, a rise in pressure of a tenth of an 
atmosphere at once takes place, caused by the 2>artial pr(‘ssur(* of the diffused 
ammonia.^ Thus the experiment shown in Figures 9 and 10 can be, lealised 
when we are dealing with the mixture of ammonia and hydrogen. At the 
same time it becomes probable in the highest degree that the foi’inula (1.), 
obtained on j). 100, holds good universally, since it is strictly proved for 
one case, and it can hardly be assumed that a law of nature of that kind is 
de2)endent, so to 8i)eak, upon the casual question whether we 2 )ossess the 
desired partition or not for all S2>ecial cases. 

Another still more .striking argument is that other cyclic processes have 
been devised by which the intermingling <‘an be conducted isothermally an<l 
reversibly, an<l which lead to the same, final re,sult, as was thoroughly shown 
by Boltzmann in 1878. A cyclic proce.s8 of this sfU't can be re])r»*s(mted in 
a much simjdifii'd form, as it seems to me. Let- us .siqqxjse, that we, liave a 
solvent which easily dissolves one of two gases which are fo Im* mixe<l, but 
the other with great difficulty. Thus water, for example, is a solvent having 
the desired 25ro2>erties for the gas 2 Jair, nitrogen and hy<lrogen sulphide, and 
still better for nitrogen and hydrogen chloride. 

Supprjse we are to consider the .separation of hydrogen chloride and 

^ Thi.s is recommended as a simple lecture ex 2 >erimeiit. 
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nitrogen ; we first bring the mixture of gases to a large volume V, and then 
connect it with a large volume of a water solution of hydrogen chloride, 
choosing such a concentrati^m for the latter that the partial pressure of its 
hyditjchloric acid is equal to the ]»artial j^ressure of this gas in the gns 
inixtuie of voJiiine V. Tlien if we bring the gas mixture and the 
hydrochloric acid solution into contact with each other, hydrogen chloride 
will neither enter nor leave the solution. Now we will compress the gas 
mixture, which is in constant contact with the solution, to a volume whiph 
is very small in (X)mpari 8 on with the original volume V ; during this the 
hydrogen chloride will practically go completely into solution. Then we 
will 8 e|»araie the nitrogen, which remains behind in a state of almost 
conqdebj purity, from the solution, and then will liberate from the solution 
the amount of hydrogen chloride dissolved ; thus the desired separation has 
been (iffected. If we neglect the vapour tension of the water, which can lx* 
flone without doubt if we w^ork at low temperatures, especially as the water 
vapour mixed with the two gases may be almost completely removed by 
compression, and if we also neglect the nitrogen dissolved in the solution, 
then it can l>e easily proved that the work expended in the separation of 
the gases is given by formula (I.). 

If we select a solvent in which the solubility of nitrogen cannot 1)0 
neglected, but in which the solubility of the two gases is very different, we 
can effect the seiraratiou of the two gases isothcrmally and reveixibly by the 
repcattMl ajqdication of a cyclic 2)rocess similar to the one just desci*jbed, i.e, 
by ^ fractionation of the solution ” ; and, without c/inying out tlie calcula- 
tion, we can conclude from the second law of thermodynamics, tliat the 
work to be appliwl can be calculated from formula (J.), Biiice its ellicieiicy 
ha.s been already proved for the mixture of nitiogen and hydrogen chloride. 

Now we can take any pair of gases, and can find some suitable solvent 
which will dissolve the two gases in different degrees, for otherwise they 
would bo chemically identical ; and thus a cyclic process can ahvays be 
i*eaIiHed which can be calculated by formula (I.). This formula therefore 
holih good universally^ and hence it is shoim at the same time that it is 
permissible to work loith semi-permeable partitions in all cast's concerning the 
mingling or the separation of two gases which are chemically different. 

The Physical Properties of Liquid Mixtures. — The relations 
of liquid and solid mixtures are more complicated than those of gases. 
The mixing of solids and liquids is usually accompanied by a change 
in the properties of the single components. The volume of the 
mixture of two liquids is iii general different from the sum of the 
volumes of the individual ingredients, since the mixing is accompanied 
by a contraction or expansion, which is, however, usually not very 
considerable; the colour, refractive index, specific heat, etc., of the 
mixture are also slightly different from that which would be calculated 
from the same properties of the ingredients, under the assumption that 
they remained unchanged on mixing. But one commonly obtains 
results at least approximately coincident by calculating, on this 
assumption, the properties of a physical mixture from those of the 
ingredients. 
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In accordance with a proposal of Ostwald, we will call properties 
of this sort additive ; the essential idea will be best made clear by 
examples. 

Many liquids can unite with each other, as also many solid bodies 
with liquids, to form homogeneous liquid aggregates, the volumes of 
which are very nearly equal to the sums of the volumes of the 
respective ingredients. If we denote the volume of the mixture by 
V, and the volumes of the particular ingredients by V^, V.„ etc., then 
it is approximately true that 

V = Vj + V, + . . . . 

Let the weights of the particular ingredients be m^ ni.,, etc. ; let 
us denote the volume of the unit of mass of the mixture, the so-called 
“ specific volume,” by v, and the respective volumes of the particular 
ingredients by v^, v.,, etc. ; then the preceding ecpiation becomes 

v(mj + m,, + . .) = Vjm^ + v^m,^ + . . , 

or 


V=V“^ ‘+V “ 

^mj + m^ + + m.^ -I- 

The specific volume of the mixture can therefore be calculated from 
the specific volumes of the particular ingredients, by the so-called 
“ partnership ” calculation, viz. as though each particular ingredient 
entered the mixture with the specific volume which it had in the free 
state. The specific volume under these circumstances is an additive 
property. For purely algebraic reasons it follows, of course, that the 
specific gravity, which is the reciprocal of the specific volume, cannot 
be an additive property ; ^ and this example teaches that it is often 
only necessary to effect an algebraic transfoi mation of values deter- 
mined experimenUilly, to meet with much simpler relations. 

The heat capacity of a liquid mixture is likewise as a rule equal to 
the sum of the heat capacities of the ingredients. If we denote ])y c 
the specific heat of a mixture containing mj g. of one ingredient of a 
specific heat c^ and m2 g. of another ingredient of a specific heat 
then according to the preceding law 

c(mj + nig) = c^mj + Cgmg ; 

but since ^ i.s the weight per cent p of the first com[)onenf., we 

rn, I- mg 

obtain, as the formula to calculate c — 


e = Ci 


P 

100 


-fCg 


100 -p 
100 ■ 


As a matter of fact, in the case of particular mixtures, as, for 
example, chloroform and carbon disulphide, this calculation proves 

* That i.s not, if as above the calculation is performed according to per cent by 
weight ; but it will be additive if calculated acconling to per cent by volume. 
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very good, the differences between the observed and the calculated 
values being less than one per cent; but in other cases, as in the 
mixture of acetic acid and water, the results are only approximate. 
Indeed, we find in the case of a mixture of alcohol and water, thal the 
real specific heat is greater than it should be according to the preceding 
formula; thus a mixture of equal parts does not have a mean of the 
specific heats, 

^ ^ ^ - 0*806, but the specific heat is 0*910. 

Mij^tiircs of salt and water have as a rule a considerably smaller 
heat cajwicity than the sum of the ingredients, and sometimes even 
smaller than what should correspond to the amount of water contained 
in the mixture (Thomsen, 1871 ; Marignac, 1873). In the case of 
solutions not too concentmted, one can estimate the heat capacity as 
nearly equal to that of the contained water, a very important rule for 
practical thermochemistry. 

The optical rdatioiis of mixtures have been investigated with 
especial thoroughness ; these will be dealt with in the next paragraph. 
It need only be noticed hero that except in one case, exact research 
has always bi’ought to light differences, exceeding the limits of error, 
between the results of observation and those calculated on the 
iissumption of a simple additive relation. From all that we know up 
to date, in the case of liquid and solid mixtures, there is only one 
strictly additive property, that of mass, which of course, both in a 
simple mixture and in the case of a chemical compound, must remain 
unchanged, according to the law of the indestructibility of matter. 

Tiiero can be no doubt that the deviations observed in the simple 
additive relations of liquids will some day be of great significance in 
determining the nature of the force concerned in the mixing of two 
licpiids, and of the kind of mutual action occurring. That commonly, 
and especially in the use of water in particular as a solvent, there 
occurs a chemical action, i.e, the formation of new molecules or the 
splitting of those previously existing, and that the reactions in ques- 
tion are incomplete (see Book TI. Chapter II.) can hardly he doubted, 
but hitherto it has been imjxissible to prove this with certainty. 
Perhaps this much may bo maintained, that when the properties of 
the mixture dittbr very considerably from the mean value a chemical 
action is probable ; and that in such mixtures there is a certain 
parallelism between the variations attending their different properties ; 
at least in those mixtures where we find a strong contraction, i.c. where 
the specific volumes are not simply additive, the s|>ecific heat seems 
also to be considerably removed fmm the mean value. But the fact on 
the other side, that certain compounds, which iu*e undoubtedly chemical, 
show properties having an additive character, warns us not to be prema- 
ture in drawing conclusions like the above. (See Book II. Chapter V.) 



CH. IV 


THE PHYSICAL MIXTURE 


105 


The Optical Behaviour of Mixtures.— The specific rcfracHre 
power of a mixture, by which is meant the quotient of the refractive 

index minus one, divided by the density ^ ], can be detenninetl 


from the corresponding values of the particular components in exactly 
the same way as the specific volume ; tind as Landolt ^ has shown, the 
calculated value of the specific refractive pi^wcr of the mixture coin- 
cides so well with that determined experimenbilly, that we can, 
conversely, usually determine with great certainty the composition of 
a mixture from its optical behaviour. This example shows how 
sometimes a skilful combination of two physical properties (in the 
preceding case the refractive index and the specific gravity), leads to 
simple and univer^l relations. 

If we denote by n the refractive power of a mixture, measured 
for any selected line of the solar spectrum, and if the specific gravity 
of the mixture is d, and it contains p per cent by weight of one 
ingredient nnd 100 - p of the other; and moreover, if the correspond- 
ing values for these ingredients when pure are Uj and d, and n^and d^ 
respectively ; then the specific refractive power of the mixture (‘/in bo 
calculated by the formula 

n - 1 _ iij -- I p n .2 ~ 1 100 - p 
d “ d, fOO'^ d^ 100 

As an example of the accuracy with which this formula corresponds 
to observations there is given the following scries of measurements 
of mixtures of ethylene bromide find propyl alcohol, for the temper/i- 
ture 18*07° and the sodium line.‘^ 


The Refractive Powers of Mixtures of Ethylene Rromiuk 
AND Propyl Alcohol. 


Etliylt'iio ih'oinidn 

. 

Sp. (;r. 

Refraction 

1 (’ulf.- 

* 

Obs. 

iwr cent (j)). 

Coelllclent 

1 Dim I, 

])im M. 

0 

0*80659 

1*386161 

0-00000 

0*00000 

10*0084 

0*86081 

1*391892 

1- 32 

1 

20*9.516 

0*92908 

1 *399136 

\ 66 

3 

29*8351 

0*99300 

1 *405958 

{ 95 

5 

40*7320 

1*084.53 

1*41.5815 

■ -i- 128 

12 

49*9484 

T17623 

1 *425748 

\ 155 

; 18 

60*0940 

1*29695 

1*439013 

1 171 

1 VA 

\ 46 

70*0123 

1*44175 

1 *455063 

-f 180 

80*0893 

' 1 *62640 

1 *47.5796 

, d 169 

1 57 

90*1912 

I 1 *86652 

] *503227 

1 116 i 

i - 59 

100 1 

2*18300 

' 1 

1 *540399 

1 

0*00000 

0-00000 

^ Lieb. Ann. 1 

Snppl. 4. 1 (1865). Also compare Gladstone and Dale, Phil. Tn 


1858, p. 887. , , ^ 

« HchixtU Zeitschr, phys, Chem. 0. 349-377 (1892). For an extended form of the 
law of mixtures, from the introduction of a new conniaiit, ct^miiare Pulfricn, to. 4, lol 
(1889), and Bnchkrenier, ib. 0, 161 (1890). 
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In the fourth column are given the differences between calcula- 
tion and obseiTation, which are obtained when the values of n are 
calculated according to the preceding formula, from the experimentally 
determined values of p, n^, ng, d^, and d. The differences all lie 
on the same side, and almost reach two units of the third decimal 
place, thus })eing a hundredfold greater than the errors of observation, 
which can be assigned as ± 0 00002. We conclude from this example 
that the law of mixtures just described by no means represents a strict 
law of nature, but yet that as an approximate rule can frequently find 
practical application. 

Now it has been investigated whether another function of the 
refractive power may be better suited to represent the phenomena, 
and in fact H. A. Lorentz and L. Lorenz (1880), guided by certain 

n^ — 1 1 

thcor’otical considerations, found that the expression 


n^ 

n2 -f 2 


-r IS more 
cl 


n - 1 


accurate than the expression although it is not so simple. In 


the last column of the preceding table are given the differences between 
calculation and observation, which are obtained by solving the value of 
n from p, rq, n.,, d^ dg and d, by the formula 


n-^ - 1 l_ni‘‘^-'l p 100 ~p 

Ug + 2 d -f 2 lOOdj ^ + 2 lOOdg ’ 


as a matter of fact the result so obtained coincides much better with 
experiment. 

I'hese results have a certain practical interest to this extent ; by 
means of the law of mixtures, 


K-Ili 


J>_ . p 100 
100 100 ’ 


in which the HpecAJh' rf'/radion R denotes either ^ n^+ ‘^ d’ 

we can calculate the specific refractwn of one iiufredient from that of a 
mii ture^ provided the compositum of the mixture ait d the refraction of the other 
ingredients are known. Although this method of calculation may give only 
approximate results, it is of great value for the question of the relation 
between specific refraction and chemical composition, for by its means we 
can deduce the specific refraction of a aul>stance which cannot be obtained 
pure in the liquid condition, but only in the presence of a solvent. 

Finally, it has been attemi)ted to obtain results harmonising better 
with experiment, by introducing into the formula for the rule of 
mixtures certain constants suitiibly chosen for each particular case ; 

n*^ - 1 1 n^ ~ 1 1 

thus, for example, instead of let R = „ ^ • ,• This 

^ n^ + 2d n^ + C d 

formula also has a certain theoretical significance (Book II. Chapter V.). 
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One-sided Properties. — In the study of the relations of mixtui-es 
those physical properties are especially important which belong to 
only one compound of a mixture ; if, for example, we mix a coloured 
with an uncoloured substance, or one optically active with one optically 
inactive, we can obviously decide with certainty whether a change of 
property occurs by such a mixture or not; and therefore in such 
cases we would have the best chance of arriving at a general stand- 
point. If, for example, we find that the refractive power of a mixture 
is the same as that calculated on the supposition of a simple additive 
relation, then it is certainly probable, but by no means strictly proved, 
that the specific refractive power of each component in the free state 
remains unchanged in the mixture, since it is i)Ossible that the property 
of one component might have increased to the siune degree to which 
that of another has diminished. But if, for example, the specific 
rotatory power of an active substance in the mixture is exactly the 
same as in the free state, then the conclusion is unavoidable that every 
molecule rotates as strongly in the mixture as in the free state. 
In fact, ‘‘one-sided properties” of this sort, as they arc called, arc of 
the greatest importance in the investigation of solutions ; besides 
the rot^ition and the absorption of light, there should be mentioned 
pirtieularly the electrical conductivity and the osmotic pressure of 
dissolved substances. 

An investigation of the optical properties just referred to has 
shown that the absorption of light is often greatly altered by inter- 
mixture with colourless liquids ; as a rule, but not always, the 
absorption bands of a dissolved substance are displaced the more 
toward the red end the greater the refractive povorof the solvent. 
(Kuiidt’s rule.)^ Also, as a rule, the optical rotation of active molecules 
is greatly influenced by the presence of inactive molecules ; and this 
influence, which may consist in a strengthening or a weakening of 
the rotary power, varies with the (|uantity of the inactive substance 
added ; - general regularities have not as yet been found. We may 
fairly assume that every important influence of this sort in mixtures 
may be ascribed to the formation of new molecular groupings by 
incomplete reactions. 

The Vaporisation of Mixtures. — One property of liquid mix- 
tures, which changes with the jjrojmrtions of the ingredients in a much 
more complicated way than those hitherto described, is their rajiovr 
ptrssiire. The vapour emitted by a mixture will in general have the 
same components as the liquid remaining behind : the ingredients 
exert therefore imrtial presmre.% the sum of which is the vapour 
pressure of the mixture. Sometimes, of course, the volatility of 

' Compare P. Stenger, WieiL Ann. 33. 577 (1888). 

^ For further j>articnlars see Imndolt, Optisches iJrfhnngsrenniUjfin argomseJur 
Siibstanzen^ Bruuswiek, 1898, p. 146 ff. 
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ono ingredient is so very small that its pressure can be neglected ; 
thus the vapour pressure of water solutions of salts is simply equal 
to tho pressure of the water vapour in equilibrium with the solution. 

The following law holds good universally, and is of fundamental 
importance : the imrtial pressure of each component of a mixture is always 
smaller than its vapour pressure in the free slate {liquid or solid) at the same 
temj^erature. If this wore not the case the vapour of tho component 
whose partial pressure was greater than in the pure state would be 
supersaturated ; it would deposit from the vaj)our, and we should thus 
have spontaneous separation of the mixture. But this would mean 
that a self-acting process — the formation of a mixture — was reversed 
without any compensation, and this is not possible (see also below on 
the thermodynamic treatment of liquid mixtures). In the following 
chapters wo shall see that the vapour pressures of dilute solutions 
follow very simple laws. 

On the basis of the law given above we may predict the following 
])ehaviour of mixtures of hoo lv[uids which dissolve each other in all 
proportions : If wo add to a liquid A a small quantity of another liquid 
B, then on the one hand the. vapour pressure of A will be diminished, 
and on tho other hand the total vapour ])ressure of the lesulting 
solution will bo increased by the circumstance that the quantity of B 
dissolved also gives out vapour; moreover, the partial pressure of B 
in the vapour existing in equilibrium with the resulting solution will 
bo so much greater as the coefficient of solubility of the vapour of B in 
the licpiid A is smaller. According as the first or second action of 
tho added liquid preponderates, the vapour pressure of tho solution 
will bo smaller or greater than that of A. Of course the same holds 
good for tho solution arising from the addition of a slight quantity of 
A to B, which likewise, according to circumstances, can have a smaller 
or a greater vapour pressure than the liquid B in tho pure state. 
But now since the properties of mixtures must always vary with the 
composition, wo must distinguish tho three following characteristic 
cases when considering the dependence of the vapour pressure upon 
the varying proportions of the two liquids : — 

I. The >'apour of A is easily soluble in B, and that of B in A. 
Then a slight addition of A to B, as also of B to A, will cause the 
vajmur pressure of the resulting solution to fall. If wc start with the 
pure solvent A (tho vapour pressure of which at tho tempei’ature 
employed amounts k) p^), and add in succession small but iiicrejising 
quantities of B, then tho vapour pressure will at first diminish, will 
reach a ininitmm, then will l)egin to increase, and, finally, on the 
addition of largo <piantities of B will approach the vapour pressure pg, 
that of the pure solvent B. 

II. The vapour of A is only slightly soluble in B, as well as that of 
B in A. Then the addition of a slight amount of A to B, as well 
as that of B to A, will cause the vapour pressure of the resulting 
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solution to increase. By the gradual addition of B to A the vapour 
pressure of the solution will at first become greater than pj, will then 
reach a maximum^ and, finally, by the addition of a great excess of B, 
will sink and approximate the value p^. 

III. The vapour of the first liquid is easily soluble in the second, 
but that of the second is soluble with difliculty in the first. Then by 
the addition of a slight quantity of B to A the vapour pressure of the 
resulting solution will be slightly smaller ; by the addition of a small 
quantity of A to B it will 
be slightly greater than 
that of the pure solvent. 

Now if the vapour pressure 
p^ of A is greater than p2 
of B, then by the successive 
additions of B to A the 
vapour pressure of the solu- 
tion will fall, passing con- 
tinuously without maximum 
or minimum from p^ to p2 
(III.®). But we can im- 
agine a case where the first 
addition of B to A would 
raise the vapour pressure, 
but that of A to B diminish 
it ; then by the gradual 
addition of B to A the vapour pressure would at first increase, reach 
a maximum, then decrease till it became smaller than p.^, pfiss a 
minimum, and finally, with the great excess of B, would approach the 
vapour pressure p2 (III.^). 

These various relations have been explained by the excellent 
theoretical and practical work of Konowalow ; ^ the curve tracings 
(Fig. 11) will assist the general statement. The abscissa? are the 
varying proportions of the mixture in percentages of B ; the ordinates 
are their varying vapour pressures. Case I. illustrates mixtures of 
formic acid and water from the measurements of Konowalow ; Case IT., 
of water and propyl alcohol from the same source ; Case III.®, from 
the same, experimentally proven for ethyl or methyl alcohol and water. 
The dotted line curve illustrating Case III.^ so far as I know, has not 
been realised. ^ 



(00 %B 
0 %A 


Fig. 11. 


The Theory of Fractional Distillation. — Wc can now easily 
perceive what must be the relations in the isothermal evaporation of a 

1 WmL Ann. 14 . 34 (1881). 

Ostwald has shown {Lehrb. d. allg, C%em. 2nd ed., 11., 2 . 842 (1899)) that this 
case is only possible for dissociating vapours ; a very clear account of tlie eva|>oration of 
mixtures, including some new matter, is given (p. 617 ft.) in that work. 
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solution, which we can imagine to be effected by the raising of a piston 

111 a cylinder containing the solution. In general the vapour of the 
solution will have a different composition from that of the solution 
itself, and therefore as a result of the evaporation, the composition 
and, at the same time, the vapour pressure of the solution will vary. 
Now tJie change in composition of the mixture must be such that its 
vajHPur pressure is diminished by the evapoi’ation. If this were not the 
cjvse, but if the pressure increased on raising the piston, and de- 
cniased on lowering it, a stable equilibrium between the pressure on 
the pisr.on from the vapour and that exerted from without would 1x5 
impossible. The evaporation proceeds in such a way that the more 
volatile ingredients evaporate first. Thus in Case I. the mixture must 
remain behind with a minimal vapour pressure ; in Case II., one of 
the two solvents, according to the relative proportions of the original 
solution ; in Case III.^ sinoe we neglect the Case III.'’, which is not 
as yet realised (and may be unrealisable ?), after a sufficiently long 
evaporation, that solvent with the smaller vapour pressure remains 
behind. 

In practical laboratory work one does not as a rule boil and distil 
the mixture at constiint temperature, but nearly always at constant 
pressure, that of the atmosphere. Since, as a rule, the vapour has a 
different composition from the remaining solution, wo possess in this 
operation one of the most important and convenient methods of 
separating substances. Of course the separation will never bo com- 
l)leto by one distillation, but may usually be carried to a high degree 
by interrupting the process and separating the parts which pass over at 
the successive temperature (“fractional distillation”), and by suittiblc 
repetition of the operation. From the law that a change of composition 
of the solution must result in decreasing the vapour pressure, it follows 
in this case that the. boiling-point must rise during the distillation. We can 
now easily see that, in Case I., we will finally obtain, as the least volatile 
residue, the mixture with the minimal vapour pressure, while the 
product of the fractional distillation, if this is repeated often enough, 
will be one of the pure solvents ; and that component will form the 
ultimate distillate, which was present originally in a larger proportion 
than that required by the mixture of minimum vapour pressure. In 
Case II., on the other hand, one obtains, as the final distillate, a niirture 
corresponding to the maximum of vapour pressure, and as the less 
volatile residue, that one of the pure solvents which was present in 
excess. Only in Case III."^ is it possible to effect a complete se^xiration 
of the two ingredients of the mixture by repeivting the operation 
sufficiently. 

It is thus ^wssible to obtcain, under certain definite conditions, 
which will be discussed later, iniHnres having constmd hoiling-poinis : 
such mixtures, as, for example, the aqueous solution of hydrochloric 
acid which distils at constant boiling-point, have occasionally been 
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wrongly considered chemical compounds (hydmtes), since their chief 
characteristic was the property of being unchanged by distillation. 
Apart from the fact that this property of a mixture is duo to the, so 
to speak, casual coincidence that the partial pressures of the two 
ingredients of the mixture stand in such relations that the vapour 
emitted has the same composition <as the mixture itself, it must also 
be remembered that the relative proportions of the ingredients change 
with the pressure at which the distillation is conducted, which is not 
the case with genuine chemical compounds. 

A (pmntitative theory of fractional distillation, which, however, is only 
ai>plicahle to Case III.% is given hy Bawdl, Thomas, and Young (Phil, Matj. 
[5], 37. 8 (1894)); it rests on an assumption justilied hy the experiments 
of F. D. Brown {Trans. Chem. Soc., 1879, p. 550; 1880, i)p. 49, 304; 
1881, p. 517), that the ratio of the com]>onents passing olf in vai>our at any 
moment is proportional to the ratio of the components in the*, boiling licpiid. 
Thus if X and y are the masses of the components in the licpiid, the 
([iiantities dx and dy ])assing off as va]mur satisfy the condition 

dx X 
- = c 

dy y 

where c is a constant factor de]»ending on the nature of tlie lifiuids. Sec 
also their researches on the separation of ternary mixtuies hy distillation. 


The Thermodynamic Treatment of Liquid Mixtures.— In 

the preparation of a mixture, a certain amount, of heat will usually 
he developed or absorbed. The external work performed, which is 
measured by the product of the external pressure and the cluuige of 
volume, has a negligible value, so that we can make the diminution 
of the internal energy U, as a result of the mixing, etpial to the Inuit 
of mixture Q ; this can he experimentally determined by means of a 
very simple calorimetric measurement ; hence 

U = Q. 


If there are x mol of the second component to 1 mol of the first, 
then Q is a function of x, i.e. 

U = Q(x); 

this can sometimes be expressed by a simple formula ; thus the de- 
velopment of heat observed on mixing I mol of with x mol 

of water was found by J. Thomsen ^ to be very accurately expressed 
by the formula, 

n/ X n,860x 


The variation of the heat of mixture with the temperature is given 
hy the difference between the heat capacities of the components and 

^ Thermociienu Untersnchutigeiiy Bd. 111. 34. 
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of the mixture : if denotes the heat capacity of the components 
before the mixture, and K that of the liquid resulting from their 
mixture, then we have 


dU^ 
dT " 


= K - K 


This e<piation shows that only when 


|J!'^ = 0caiiK = K„; 


l.e. it leads to the necessary and sufficient condition for the specific 
heat of the mixture to be capable of being calculated additively 
from that of the components (p. 103). 

Very much harder, but very much more important, is the deter- 
mination of the diminution of free energy associated with the inter- 
mixture ; to calculate this we must find some way to accomplish the 
intermixture isothermally and reversibly ; if it is possible to find 
several methods of this sort, then all must give the same result, a 
law which will give particularly valuable results in the discussion of 
dilute solutions. Now as a matter of fact the process of mixing two 
liquids, which takes place spontaneously when the liquids are brought 
into contact (provided they are mutually soluble), can be conducted 
isothermally and reversibly in very many ways, namely by isothermal 
distillation (Kirchhoff), by electrical tramference (Helmholtz), by osmose 
(van’t Hoff), by selective solubility^ and the like. But since these methods 
for the most part first found practical application in the case of 
dilute solutions, which will be thoroughly treated in the following 
chapter, there will he given here only a short description of the method 
which is most universal and most important, namely that of mixture 
by means of isothermal distillation. 

Wo will take, as the basis of our considerations, the mixture formed 
by mixing 1 mol of the first component with x mols of the second, 
and we will also assume that the gas laws are applicable both to the 
vapours emitted by the mixture, and also to the vapour emitted by 
each component. If necessary, the formula3 can be easily generalised 
for the case that another equation of condition — an equation of dis- 
sociation, or the van dor Waals* equation, for example — holds good for 
the vapour. 

Now let us imagine two semi-permeable partitions, brought into 
the space over the mixture, one of which is permeable by the vapour 
of the first, the other by that of the second ingredient. The vapour 
emitted by the mixture contains both ingredients; let p be the 
pressure of the first ingredient of the saturated vapour standing in 
equilibrium with the liquid mixture, at the absolute temperature T ; 
and let P be the pressure of the second ingredient ; then, according to 
Dalton^s law, P + p is the maximal pressure of the mixture. Let the 
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iwo ingredients in the pure state have the pressure and 
respectively at the same tempenitiire. 

Now let us imagine the following process to Like place: — We 
will allow 1 mol of the first component., in the pure liijuid state, to 
evaporate to saturated va|X)ur; the work thus obtained. will be — 

Po'^o ^ ; 

then let it expand till the pressure p^, shall have fallen to p, whereby 
the ^vork performed by the gas will be — 

RTln*’*; 

1 > 

finally, bring it into contact with the nuunbrane which is |>crmeable by 
it and compress it; in consecpience of this, it passes through the 
membrane and is condensed in the mixture ; if this condensation is 
|)erformed under constant pressure p, the external work, pv - KT, is 
necessary. 

In order to realise the condition that the compositioti of the 
mixture, and hence that the value of p, shall m)t change during this 
condensation, we cause x mols of the second ingredient to evaporate 
at the same time ; thus we obtiiiu the work', 

xP^^V„ = xKT ; 

and if we let this expand from the pressure P^^ to P, there is peiformed 
the work, 

xRTln^f; 

we then condense it simultaneously with 1 mol of the first ingredient 
by forcing it through the second semi-])ermeahle partition. The tM o 
vapours meet in the space enclosed by the two semi -permeable mem- 
branes with the pressures P and p. Thus we have it always completely 
in our power to send through the partitions such quantities that tlierc 
will condense a mixture having the composition just described ; Jind 
if wo do this, 1 raoP of the first ingredient condenses under the 
constant pressure p, and x mols of the second undei* the constarit 
pressure P ; as just stated, the external work needed to condense the 
first is UT, and for the second 

xPV = xRT. 

Hence in the transference of 1 mol of the first component to the 
mixture the external work 


RT + RT In 2* - RT = RT In r? 

P P 
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is performed by the system, and in the transference of x g.-mol of the 
second ingredient the work 

xRT + xRT In - xRT ■■= xRT la p® 


is performed ; the sum of the work is therefore 
RT^ln^ + xln p®). 

Now, since the processes above described can all be completed rever- 
sibly and isothcrmally, the last expression corresponds to the maximal 
external work or the diminution of free energy A. The latter, which 
may be suitably designated by A (x), thus becomes 

A(x) = RT(lnP®+xln^), . . . (1) 


and therefore 


dA(x) 

dT 


= E(ln'Vxln!i) + ltT;‘,(lnlSxln 



Introilucing this into the formula (j). S.'l), 


A-U = T 


dA. 

dT’ 


and romemboriiig that U - Q(x) (p. HI), wo have 

Q(x)= -R'P^'^^(lnP®+xln|'). . . (2) 

This formula affords the calfculation of tho heat of mixture of two 
li(pii(ls from tho temperature coefficients of tlioir vapour pressures and 
that of their mixture ntid the pressure of the vapour omitted by the 
mixture. 

A(x) can also ))e found by allowing x mols of tlio second 
ingredient to distil over into 1 mol of the first liquid ingredient; 
then the vapour pressure of the second ingredient in the mixture rises 
from 0 to P, and the work obtained thereby is given by the intcgial. 


X 

A(x) = RT[ln^dx . . (3) 

*0 


in tho evaluation of which V must be known its a function of x. 

A(x) can be similarly found by allowing 1 mol of the first liquid 
to distil over into x mols of the second, thus 

I 

A(x) = RT|lnP®dr. 

0 

To evaluate this integral we must know tho partial pressure tt of the 
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first component as a function of the number of inols v which mix 
with X mols of the second ingredient. 

From (1) and (3) we obtain 

\ 

In ^ + X In I In ^,?dx. 

p P J P 

0 


Introducing this into (2), we obtain 


Q(x)= 

b 


or, differentiated for x, 


0Q.(x) 

fix 


RT‘-’ 


p 

("T ■ 


This last equation, which can be easily derived directly l)y con- 
sidering the isothermal distillation of one component into a large 
quantity of the mixture, was first derived by Kirchhotf,^ and is a special 
case of the preceding generalisation ; it was a])plied by him to the 
calculation of Kegnault’s vapour-pressure curve, for mixtures of water 
and sulphuric acid, the heat of mixture of which is known (p. Ill); 
the calculation gives a fairly satisfactory result. 

The physical significance of is given by the development of 

heat observed on the addition, for example, of 1 mol of water to a very 
large quantity of a mixture having the composition of ll^SC)^ + xH./). 
Now, if we try to calculate this quantity of heat from UegnaulPs 
vapour pressures of such a mixture, and from those of pure water, we 
obtain results widely differing from the truth.- This is due to the 
fact that small variations in the value of P — the measurement of which, 
by the way, is very difficult — change the results of the calculation 
very greatly ; this is also the reason why hitherto a successful quanti- 
tative application of Kirchboff’s formula to the calculation c)f the heat 
of dilution has been made impossible by the difficulty of measuring 
the vapour pressures of mixtures with sufficient accuracy. Put it t nn 
be at any rate qualitatively inferred from Tammann^s measurements 
that, in accordance with Kirchhoffs formula, in those cases where 
addition of water develops heat (as H^SO^, CaCI.^, and the like), 
where 

8x ’ 

* Pvffff. Ann. 104, (1856) ; 6'es. A/j/). p. 

- Compare R. von Helmlioltz, A nn. 27. 642 (1886). 

^ d. Peiershuryer Akml. 35. No. 9 (1887). 



116 


THEORETICAL CHEMISTRY 


BK. 1 


P P - P 

the value of and accordingly also, the so-called relative 

lowering of the raponr jrresmre,'' decreases with increasing teni} 3 erature ; 
but that these values increase with increasing temperature when 
addition of water causes an absorption of heat. 


Tlie above forinube show, as was first pointed out in the second edition 
of tliis book, that the composition of the vapour can be calculated when the 
vapour-pressure curves of the components (solid or liquid) are known, and 
tile partial pressure of one component as a function of the composition of 
tlui liipiid. A number of other deductions will be found in Puhem, ‘‘Solu- 
tions and Mixtures,” Trav. et Mem. des faciiltes de Lille ^ Nos. 12 and 13 
(1894); also M. Margules, jyimi. Ber. 104. 1243 (1895), who calculated 
exam])les. (See also the thorough experimental and theoretical study l)y E. 
Hose, Zdtschr. phys. Ghem. 65. 458 [1909].) 

On differentiating (1) and (3) we get from (1) 


from (3) 


i\A 

dx 


=iit( 


(1 In p 
dx 


+ lnl>,- 


d In 1' 
^ dx 



dA 
dx‘ ' 


PT In Po-HT InP, 


whence follows at once the differential equation given by Duhem (loc, cit ) — 


d In p d In P 
<l.v dx 


= 0 . 


For applications of this equation see Gahl, Zeitschr. physi. Chem, 33. 178 
(1900); and Zawidzki, ibid. 35. 129 (1900). 


The Critical Point of Mixtures. — In the warming of mixtures 
there are observed the same characteristic phenomena which we have 
called “critical” (p. 65), Of the critical data of mixtures, only the 
temperature has been measured to any great extent ; the results have 
shown ^ that the critical temperature t, of a solution containing n per 
cent by weight of one liquid having the critical temperature tj, and 
100 -n per cent by weight of another Ihpiid having the critical 
tennperaturo t.,, can be calculated by the mixing rule, 

__ ntj -f (100 - n)t., 

100 

This formula can also be used conversely to calculate the critical 
temperature of one ingredient, provided that of the mixture and also 
that of the other ingredient be known. 

G. 0. Schmidt has found the preceding rule very well established 
for a number of mixtures, which places the critical point on the list of the 
additive properties ; the variations between calculation and experiment 

1 Pawlewski, B.li. 16 . 2633 (1883). Lieb. Ann. 266 . 266 (1891). 
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never amount to more than 4^ and as they lie irregularly on both 
sides of the mean, it is possible that they may be explained as diu% 
at least in part, to the uncertainty of observation. 

Kueneii^ has recently found that the critical tomj)eratures of 
certain mixtures, as of ethane and nitrous oxide, sometimes lie 
considerably below that of the components. 

Isomorphous Mixtures. — The capacity of two crvstidlised sub- 
stances for uniting to form a homogeneous mixed crysbd, is observed 
(juite rarely, although this property is not so exclusively limited to 
substances related chemically and crystallographically {i.e. substances 
possessing the same properties of symmetry and almost the same 
geometrical constants), as was formerly supix)sed ; but since it has 
been found that pail’s like albito iind anorthite, ferric chloride and 
ammonium chloride, totramethyl -ammonium iodide and clirysoidino 
hydrochloride, etc., are able to form mixed crystals, substances there- 
fore in which one seeks in vain for any analogy of composition and 
constitution,*^ no doubt can bo entertiiined that further investigation 
will considerably increase the list of such insbinces. (Compare the 
section on l8oraori)hism, Book 11. Chapter I.) 

It is undeniable that such solid mixtures are to be classified with 
liquid mixtures in many respects, just iis certain liquids, as for 
example water and alcohol, are miscible in all proportions, while others 
are of limited miscibility, as for example water and ether, which arc 
able to dissolve each other only slightly ; so wo also find substances 
which can crystallise together in all proportions, as for example the 
alums, and also other substances where gaps exist in the series of 
mixtures, as for example the sulphate and the solenato of beryllium. 

Very often two salts can crystallise together in molecular propor- 
tions when they have otherwise only a partial, and sometimes hardly 
a!iy recognisable miscibility in each other; this double salt'' forms a 
particular point in the gap exhibited by the scries of mixtures. An 
analogy to this in many respects is found in certain pairs of liquids 
which dissolve each other only to a limited degree, and which at 
the same time are able to form a homogeneous molecular mixture 
in the shape of a chemical compound. Thus, for example, amylcno, 
Cr,HjQ, and water, HgO, are almost insoluble in each other ; 
yet they are able to unite with each other in molecular pro- 
portions to form amyl alcohol, 4- HgO = CgHjgO, and thus this 

substance appears as a piirticular point in the gap exhibited by the 
series of mixtures of amylcno and water. But, of course, the question 
whether the kind of chemical union in the two cases is not essentially 
different cannot be determined by this analogy. 

Moreover, the property of water of uniting in molecular proi)ortions 

» Phif. Maq. 40. 173 (1895). 

® See especially the work of 0. Lebmanu, Molekular-physikj Bd. 1. and II. 



118 


THEORETICAL CHEMISTRY 


BK. I 


with many substances, as water of crystallimtion, — a property, by the 
way, not limited to water alone, as is shown by alcoM of crydalliaor 
tlon, benzene of crystallisation, etc., — may be compared with the formation 
of double salts. 

Of course, the relations of crystfdlised mixtures are more complicated 
than those of liquid mixtures, since the crystal form is a new factor of 
considerabl{3 significance. Following a classification given by Retgers,^ 
I give fiere a list of the different cases observed in the mutual miscibility 
of two crystalline substances. 

1. The two substances form a complete series of mixtures, Le. it is 
possible to make mixed crystals of them in every desired proportion ; 
pure isomorphism. Example : ZnSO^ • THgO and MgSO^ • IBfd, 

2. (In account of slight differences in the crystal angles or in the 
molecular volume, the two substances can intermix only to a limited 
degree ; this case also is usually called pure isomorphism. Examples : 
KGKJa and TICK),, BaClg • 2H2O and SrCl2 • 2fl20. 

3. The different substances have forms more or less different, but 
mix with each other in considerable quantities ; the gap in the series 
of mixtures is relatively small. Example: NaCiOg regular and 
AgClOg quadratic. 

4. Intermixture occurs ordy to a very slight extent, and can be 
recognised only by micro-chemical reactions on fragments free from 
inclusions \ the gap in the series is relatively very large. Example : 
KNO3 and NaNOg. 

Cases 3 and 4 are instances of Iso-di-morphism ; this is the 
phenomenon where both of the two different substances occur in two 
crystal modifications which are isomorphous in pairs. Very often the 
two modifications are not both known in the free state, but one may 
be known ifi the form of an isomorphous mixture. Thus in such 
mixtures as arc instanced in 3 and 4, that substance which is in excess 
forces its crystal form in some degree upon the other substance. 

5. There occurs .an isolated double salt standing in the middle of 
the series, which crystallises differently from the end members, and 
does not mix with either of the simple salts; the gap between the 
end members is usually very great. The recognition of this case is of 
great importance, since by a superficial examination of the double salt, 
and especially if it resembled one of the end members, one would easily 
mistake it for an isomorphous mixture, and the phenomenon as one of 
pure isomorphism. 

(Kxample : Calcite and magnesite which crystallise in molecular 
proportions, as dolomite.) 

6. The tw'o subst.ances do not mix with each other appreciably. 

In order to decide the degree of miscibility by a practical case, 

according to Retgers, one should prepare a number of solutions hold- 
ing each ingredient in greatly varying proportions, and hy evaporation 
^ Zeitschr, phf/s. Ghem. 6. 461 (1890). 
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of the solvent obtain crysttils which should then be investigated. In 
order to obtain a product as homogeneous as possible, it is best to use 
a large quantity of solvent, and to study only the crystals which 
separate first. For the more the composition of the solution changes 
witli the separation of the earlier portions, the greater is the danger 
of the formation of heterogeneous products. 

Hereafter by an isoumphous mlHure ” will be understood a mixed 
crystal, the composition of which is capable of a constant change 
within certain limits large or small ; every member of a complete or 
incomplete series of mixtures is thus an isomorphous mixture, but not 
the isolated double salt. 

The Physical Properties of Mixed Crystals.— The analogies 
between a liquid and a solid mixture extend thus far, that in both 
cases many properties of the mixture are additive, i.i\ they can be 
calculated from the properties of the particular ingredients according 
to the so-called “partnership’^ calculation (p. 102). 

This holds good especially for the volume of mixed crystals, which 
is frequently equal to the sum of the volumes of the ingredients in 
the free state ; in other words, in tlie intermixture of two crt/stals there is 
observed neither contraction nor dilation. As an example, there is given 
below a table of the specific volumes of mixed crystals of poUssiura 
and ammonium sulphates, by lietgers,^ to whom we are indebted for 
these very exact measurements. 


Composition. 

Spoe. 

Volunu*. 






Dillortmcc. 

(NH4)2S04. 

K 2 SO 4 . 

Ubs. 

Calc. 

! 

0 

100 

0*3751 

(0*3751) 

i 

5*4.0 

94*5.5 

0*3885 

0*3855 

1-0*0030 

8*33 

91*67 

0*3879 

0*3906 

-0*0027 

1.5*03 

84*97 

0*4042 

0*4037 

4 0*0005 

18*45 

81 -.55 

' 0*4080 

' 0*4098 

-0*0018 

20*55 i 

79*45 

1 0*4112 

0*4138 

1 - 0*0026 

26*47 

73*53 

0*4270 

0*42.50 

: f 0*0020 

29*30 1 

70*70 

1 0*4305 

0*4307 

0*0002 

42-67 

57*33 

! 0*4.572 

0*4.5.56 

i 0*0016 

6f)*35 

34*65 

0*4990 

0*4988 

1 0*0002 

83*37 

16*63 

! 0*5311 

0*5321 

-0*0013 

100 

0 

t . 

' 0*5637 

(0*5637) 



Although the law given above, as far as known, holds good and 
with great ^ exactness for the case of isomorphous mixtures, yet a 
modification is necessary in the case of iso-di-morphom inixtures. Thus 
the sulphates of magnesium and iron, MgSO^ • THgO, and FeS 04 • THgO, 

1 ZeiMir. phys. Ohem. 3 . 497 (1889) ; see also 3 . 289 ; 4 . 189 ; 6. 436 ; 6. 193 
(1890) ; 8. 6. (1892). 
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the first being orthorhombic, the second being monoclinic, are able 
to form orthorhombic and monoclinic mixed crystals, and yet are 
miscible to only a limited degree, since mixed crystals containing more 
than 54 per cent, and less than 81*22 per cent of magnesium sulphate 
cannot be obtained, at least at ordinary temperatures ; and, moreover, 
the mixed crystals having the magnesium sulphate in excess are 
orthorhombic, and those having the iron salt in excess are nionoclinic. 
If the specific volumes of the mixed crystals are calculated from those 
of the two salts in the pure state (Fe 0*5269, Mg 0*5963), one-sided 
deviations are met with ; but if the specific volume of the iron salt 
in tile orthorhombic crystals is taken as 0*5333, and that of the mono- 
clinic crystals as 0*5269, and similarly the volume of the magnesium 
salt in the monoclinic crystals as 0*5914, and in the orthorhombic 
crystals as 0*5963, the deviations vanish almost completely. It is 
very probable that the two values assumed above represent respectively 
the specific volume of theoretical orthorhombic iron, and of the mono- 
clinic magnesium salts which have not yet been produced in the free 
state. Prohahly in geneiril enery salt in^so di-moi'phons midnres possesses 
a specific volume imre or less different from that in the free state ; this is in 
harmony with the fjict that di-morphous modifications in the free 
state have diflbrent specific gravities. 

It follows from the observations of Schuster (1878), Dufet (1878), 
Fock (1880), llodliirider (1882), Pope (1897) and others that the 
optical properties of mixed crystals are emphatically additive ; but of 
course the crystJil structure is attended with certain complications.^ 

Fusion and Solidification of Mixtures. — Investigation of the 
laws regulating the solidification of licpiid mixtures is of much practical 
importance, on account of the method of fractional crystallisation that 
is so often used. The theory of this phenomenon cannot bo developed 
so far as that of frictional distillation, at present, and also experimental 
study is still much needed. Still the leading principles are well 
established and will be given here. 

When a mixture freezes the solid deposite<l may l)e homogeneous, 
i,e. it may bo a single component of the liquid, or an isomorphoiis 
mixture ; or else more than one solid may separate at the same time ; 
thus from an aqueous solution either ice, salt, or hydrate may crystallise 
out, or more than one of these may appear together. In this lies a 
complication that is absent in evaporation, for gases are always homo- 
geneous. 

We will bvke first the simple case that one component separates 
out in the pure state; then wo have the simple rule that the solidifying 
point of such a mirfnre is always lower than that of the separated substance 
in the pure state. 

The proof of tliis follows from the consideration (p. 108) that the 
^ Sec oHpeclRlly F. Pockel’s Jahtb. f. Mineml, 8. 117 (1892). 
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vapour pressure of a substance in a mixture is always less than in the 
pure state; the melting-point, being the intersection of the vapour- 
pressure curves of solid and liquid (pp. 72 and 95), is accordingly 
always lowered. 

Numerous examples of this rule are to be found. Salt solutions 
freeze {i.e, deposit ice) at a lower temjxjraturo than pure water; on 
the other hand, if they deposit salt, it is at a temperature below the 
melting-point of the salt, so that we may look on the crystallisiition 
of a dissolved salt as freezing at a temperature very much lowered by 
addition of water. Phenol liquefies, when wet, much below its proper 
melting-point (42°); this too may be simply regardeil as a loweiing 
of melting-point due to mixture with water. Again the fusibility of 
alloys is a well-known and technically important fact of the same 
order ; iron rich in carbon melts at a lower temperature than when 
containing little; and the alloys of Rose, Wood, Inpowitz, etc., are 
striking instances of how greatly the components of a mixture can 
lower each other’s melting-point. Similarly, mixtures of salts, of fatty 
acids, and so on, are noticeable, for their low melting-point. 

It will appear in the following chapter that the lowering of the 
melting-point of dilute solutions follows very simple laws. 

It is essentially different when an isomorphous mixtiire or a 
chemical compound in molecular proportions (hydrate, double salt, 
substance with alcohol of crystallisation, benzene of crystallisation, etc.) 
sciiaratcs from a mixture; then the melting-point of the mixture may, 
according to circumstances, lie higher or lower than that of the pure 
substances. For example, the melting-point of naphthalene is raised 
by addition of /^-naphthol, and accordingly pure naphthalene does not 
freeze out from the liquid, but an isomorphous mixture.^ It is note- 
worthy that under these circumstances the freezing-point of a liquid, 
like the ])oiling-point, may be either raised or lowered. If the solid 
mixture separating out changes continuously in composition with 
change in that of the liquid, the freezing-point varies continuously 
from that of one component to that of the other. This case is rare ; 
often there is a sudden change in the composition of the solid owing 
to replacement of one component by the other, or by a compound in 
molecular proportions (e.g. a new hydrate) ; for instances see the work 
of Vignon- and Miolati.^ 

In one case we find the phenomenon of contivwm change in the 
solid deposit as the composition of the liquid is cordinuously changed ; then 
the freezing-point curve is continuous, showing no sudden changes 
of slope. This happens in the case of mixtures of isomorphous ami at 
the same time chemiadly similar materials. Kiistcr^ was the first to 

‘ Van 't Hoff, Zntadif. f. jthy*. Chem. 6. 388 (1890) ; Van BijIerU ilmL 8. 343 (1891). 
BulL Chim. [3], 7. 387, 656 (1892). 

Zntsrhr. phys. Chem. 9. 649 (1892). 

* mi. 6. 601 (1890) ; 8. 577 (1891). 
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observe this case, and found that the melting-point could he calculated 
from the composition Ijy the simple rule of mixtures. The agreement 
between observed and calculated melting-points is better when the 
comf)osition is expressed in molecular percentage (mols in 100 mols 
of mixture) than in percent^ige by weight. It is necessary, in order 
that this rule bo true, that the composition of the frozen part should 
bo the same as that of the liquid ; this can be tested by seeing 
whether the melting-point is independent of the quantity melted or 
not. Only if the temperature does not change during the fusion, is 
the rule true. When there is much difference in composition between 
th(5 liqui<l and the frozen mass, the melting-points differ considerably 
fi'om the values calculated by the (linear) rule. The regular behaviour 
is well shown by mixtures of hoxachlor-tt-keto-y-R-pentene (C^Cl^jO) 
and pcnUchlor'inonobrom-tt-kcto-y-R-pentene (C^Cl^BrO) (Kiister). 


Mf)lo(*ular 

Kit‘oziiig-fK)int. 

jjercontiiKe 
or OnCMnUrO. 

ObH. 

(Jalc. 

O'OO 

87-50 


6-29 

87-99 

88-04 

8-66 

88-30 

88-38 

25 1 

89-85 

90-09 

1 42-26 i 

91-61 

91-81 

71-33 

1 94-59 

! 94-78 

90-45 

1 96-67 

1 96-74 

1 98-00 

! 97-49 

1 97-50 

100 00 

97-71 

1 


Often, however, more than one solid separates from the liquid ; in 
tliis case it is not at present possible to give a rule for the position of 
the melting-point, but experience seems to show that it may lie above 
or below those of the components. In genei'al the composition of the 
remaining liquid is altered by the separation ; and whatever the com- 
position of the solid that separates, the change must always be in such 
a direction that the melting-point of the remaining liquid is lowered. 
This is the analogue of the law that during distillation the temperature 
always rises (p. 110). If, then, a mixture be repeatedly fractionally 
cryatiillised, a liquid will eventually be reached with minimum freezing- 
point ; if this is frozen, the solid separating must have the same com- 
position, otherwise we should obtain a liquid of still lower freezing- 
point. Conversely, the solid has a melting-point that is constant, i.e. 
independent of the amount melted. Such a substance was cidled by 
Guthrie,^ who discovered these relations, an eutectic mirture ; it melts 
and freezes like a chemically simple substance, and is comparable with 
the mixture of constant boiling-point mentioned on p. 110; there are 
1 Phil. Mag. [5], 17 . 462 (1884). 
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no grounds for assuming that it is a chemical compound, nor does 
experiment point in that direction. 

Thus Guthrie found that a mixture of 46*86 per cent lead nitrate 
and 53*14 per cent potassium nitrate melts at 207*", and that by altering 
these proportions in either sense a higher melting-point is obtained. 
The following table gives the melting-point t of eutectic compounds 
of bismuth containing p per cent of the metal alloyed with bismuth : — 



1>. 

t. 

Lead .... 

44-42 

12*2-7 

Till .... 

53-30 

133 

Cadmium 

40-81 

144 

Zinc .... 

7*15 

*248 


In the same way, by repeated partial freezing, eutectic mixtures of 
more than two components can be obtained, e.//. the mixture 

Bi 47*75, Pb 18*39, Cd 13*31, Sii 20*00 per cent 

melts at 71", the lowest melting-point known of any alloy except 
those containing alkali metals and the amalgams. 

“ Cryohydrates ” are also examples of eutectic mixtures. When a 
salt solution is cooled it first deposits ice, and so becomes more con- 
centrated ; hence on cooling further a point must be reached when 
the salt in solution has become saturated, then a mechanical mixture 
of ice and salt will come down, and necessarily in the same proportions 
as they occur in the liquid. This temperature is at the intersection 
of the curve of saturation with the curve of lowering of freezing-point ; 
the solution freezes completely and at constant temperature, as if it 
were a single substance. It was at one time supposed to be such, and 
described as cryohydrate. 

The temperature at which the solution freezes as a whole, to form 
a mechanical mixture, is also the Imvest that can ])o obtained by mixing 
ice and salt. Thus, according to Guthrie,^ ice and NaCl give - 22 \ 
ice and Nal - 30"; the cryohydric temperature is clearly lower the more 
the salt lowers the freezing-point of water and the more solulde it 
is. The temperature can be still further reduced by using more than 
one salt simultaneously ; Mazotto ^ investigated the case of water, 
NH^Cl and NaNOg, and found the cryohydric point at - 31"*5. 

Apparently the solid that deposits from eutectic mixtures arrived 
at in this way consists always of a mechanical mixture of two or more 
substances ; there are, however, cases, as mentioned above, in which a 
liquid mixture freezes to a single homogeneous substance (double salt, 
hydrate, etc.). If the composition of such a mixture be altered, then, 

2 Ikibl. 16. 323 (1891). 


1 Phil. Mag. [4], 10. 446 ; [5], 2. 211 ; 6. 35, 105. 
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unlike an eutectic {i.e, easy melting) mixture, the freezing-point is 
lowered ; therefore the mixture is one of maximum melting-point, and 
may be described as dystectic. Thus Roozeboom ^ found that a mixture 
of composition FeCl 3 + 12 H 20 freezes constantly at 37"* to a solid 
hydrate ; if the composition is varied, within certain limits, whether 
by addition of FeOl^ or of water, a mixture of lower freezing-ix)int is 
obtained. 

From what Inis been said it may be seen that the different kinds 
of mixtures that we have distinguished must show characteristic 
differences when allowed to solidify gradually. Both eutectic and 
dystectic mixtures, like simple substfinces, solidify at one temperature. 
When the solid separating out changes in composition continuously with 
the change in the residual liquid, the fall of temperature, on cooling, 
will be made slower as soon as the separation begins, and the latent 
heat comes into play ; this condition lasts until, after a longer or 
shorter interval of temperature, the whole has become solid. In cases 
in which this condition is not satisfied, but new substances appear, 
twice or more, in the solid deposit, the fall of temperature will be made 
slower each time, a phenomenon noticed in 1830 by Rudberg (‘‘re- 
peated melting-point ”). Further, the course of the cooling may be 
influenced by phenomena of undercooling, and by subsequent gradual 
allotropic modification of solid deposits.^ 

Finally, this diftorence may be noted between the behaviour of a 
simple substance and a mechanical mixture. A simple substance 
{vlways molts at the same temperature, and it is nob possible to keep 
it solid oven for a short time at a higher temperature. It is otherwise 
with a mixture ; a finely powdered mixture of two metals can often 
bo kejit a long time at a temperature above the melting-point of the 
alloy that would result from it. Thus in a mixture, melting-point and 
freezing-point are not identical, as they are for a single substance. 

On the other hand, even a rough mixture will sometimes liquefy at 
a temperature below the melting-point of either pure substance. Thus 
if a mixture of tin and lead be kept for some hours at 200° it liquefies, 
although the melting-point of tin is 230'’ and load 325° ; and a mixture 
of I part Cd, 1 part Sn, 2 parts Pb, 4 parts Bi (Wood^s metal), all the 
components of which melt above 200°, can be liquefied by keeping for 
some hours or days in a water-bath, under slight pressure (Hallock ) ; ^ 
a mixture of so<lium acetate and potassium nitrate melts when kept for 
some hours at 100°, though the melting-point of the components is 
above 300° (Spring). 

The Thermodynamics of Isomorphous Mixtures. — The 

observations which we have advanced above (p. Ill) concerning liquid 

^ /eitschr. phya. Cfiem. 10. 477 (1S92). 

- Sue Ostwald, </. ailg. ‘iiid ed., 1. 1023 (1801). 

•* Xdfschc, phys. Chem. 2. 378 (1888). ** lOiU, GSS. 
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mixtures, from the standpoint of energy, can be applied directly to 
solid mixtures, in their essential principles. With the union of two 
crystals to form a new homogeneous mixed ciystal, there is usually 
associated a certain diminution of the total energy U, which may also 
be described here as the heat of mixing. To ascerUiin the dimiiuition 
of free energy associated with the mixing, we must find some method 
of making the mixed crystals reversibly and isothermally. Strictly 
speaking, we could employ here the same methods which were suc- 
cessfully used in the case of liquid mixtures, namely, isothermal 
distillation or direct sublimation, and we should thus arrive at the 
same formula3 as in the preceding case. But, since the vapour pressure 
of crystals is far too small for us to hope to measure, we must devise 
some other way : there is such a method in isothermal solution and 
crydallisation. By distilling over sufficient water into the two in- 
gredients, isothermally and reversibly, we can bring the crystals 
isothermally and reversibly into solution. Then we mix the two 
solutions. This is a process which can bo conducted isothermally and 
reversibly, as we shall see in the theory of dilute solutions (next 
chapter). Now, if we withdraw both ingredients from the resulting 
solution by the isothermal distillation of water, we can obtain the 
mixed crystal. If we know the conditions of solubility of the mixed 
crystal and its ingredients, as well as the vapour pressure of their 
respective solutions, the calculation of the maximal work obtained by 
mixing and the application of the second law of thermodynamics 
present no difficulty. Of course, instead of water, we can select any 
other solvent, where we get the same maximal work. The condition 
for the identity of this work leads to certain conditions of solubility 
for the different solvents that have recently been tested and verified 
by E. Sommerfeldt.^ It appears that the maximal work is of the 
same order of magnitude as in the case of liquid mixtures, and, there- 
fore, there can be no doubt that the isomorphoiis mixtures arise hy 
mutual molecular penetration, and not ])y a variable superposition of 
very thin lamellie, as is sometimes supposed. 

The analogy between liciuid and isomorphoiis mixtures is also 
borne out by the fact that just as the maximal pressure, and the 
composition of the vapour emitted by the liquid mixture, vary steadily 
with tile relative quantities of the ingredients, so also do the con- 
centration and the composition of the saturated solution of the mixed 
crystals vary steadily with the relative quantities of the ingredients. 
In the third book we shall return again to this subject. 

Adsorption. — Charcoal shaken with an iodine solution or placed 
in an atmosphere of iodine vapour condenses appreciable amounts of 
iodine on its surface; this is known as “adsorption.” The quantity 
adsorbed increases with the partial pressure (gas or osmotic) of the 
* 2ieues Jahrb.f, Mineral.^ 1900, vol. ii. 
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iodine. A definite state of equilibrium is set up ; this was shown 
among others by Chappius,^ who found that a definite amount of 
charcoal took up a quantity of carbon dioxide that depends only on 
the pressure of that gas. The adsorption of dissolved substances by 
solids has been studied especially by Bemmelen.^ The thermo- 
dynamics of the subject will not be discussed here ; but it may be 
remarked that the heat of adsorption may be calculated from the 
iriHuence of temperature on equilibrium. 

Lagergreri ’^ has lately put forward remarkable experiments and 
views oil the phenomena of adsorption in aqueous solutions. Here it 
is probable that the most important influence is the formation of an 
aipieous layer on the surface of the adsorbing powder, and that this is 
in a highly compressed state owing to cohesive forces. The heat 
evolved by wetting insoluble powders would, according to this view, 
be due to the strong compression of the adsorbed water. 

If foreign substances are present in the water their solubility in 
adsorbed water may be greater or less than in ordinary water ; greater 
if the solubility increases with pressure, and vice verm. Hence the 
dissolved substance will be concentrated or diluted in the water film, 
i.e. positive or negative adsorption will occur. Lagergren actually 
demonstrated negative adsorption, e.g. when sodium cldoride solution 
is shaken with charcoal its concentration is raised. The data so far 
collected seem to support this view. The relation of the mass adsorbed 
to the concentration will be considered in Book III. Chapter III. As 
J. K. Katz ^ pointed out, the formation of solid solutions and other 
phenomena often take place as well as adsorption. If we wish to 
study the latter phenomenon alone, we must choose cases in which 
these complications do not occur. 

1 Wied. Aim. 12. 161 (1881). 

XclUchr. phys, Oke/n. 18. 331 (1895) ; Zeitschr. mumj. Chem. 13, 233 (1896) j 
HOC tils<7 (}. C. Sc-lmii(lt, Zcitschr. phys. Chem, 16. 56 (1894) ; (ieorgewics \i. Lciwyi 
Wien, Aktu?. 104. (1895) ; Walker ami Appleyard, J. Chem, Sor. 09. 1334 (1896). j' 

JUiumy tin K, aSV. Vet. Ak<uL Nandi., Haii<l 24. Aid. II. Nos. 4 .and 5 (1898). f 
■* Jalnvsversaminl nny der Jinnsemjes. (1912). 



CHAPTER V 

DILUTE SOLUTIONS 

General Remarks. — One class of liquid and solid mixtures which 
has attracted great attention in recent investigations, because their 
l)ehaviour is very simple in many respects, is that of dilute solutions, 
Le. mixtures containing one component greatly in excess of the 
others. This component is called the “ solvent ; the other, or others, 
the “ dissolved substances.^' 

A close study of the relations of dilute solutions is justified on 
several grounds. In the first place, the laws of thermodynamics have 
been applied here with especially good results, which are simple and 
obvious, and which in their turn clear up old princii)les, and throw 
light on new subjects. The method proposed by van 't Ifoff for the 
study of solutions can be regarded as typical for the treatment of 
questions like this. Also, the study of dilute solutions attracts great 
practical interest from the consideration that most chemical processes 
which the analyst uses, and also those which claim attention in animal 
and plant physiology, take place in dilute water solutions. Finally, 
although most of the results here obtained were obtained independentiy 
of the molecular hypothesis, yet the study of the properties of dilute 
solutions has led to a development of our conceptions regarding 
molecules, which presents this subject in an entirely new phase 
(see Book II. Chapter VIL). 

The investigations on this subject had for a starting-point the 
attempt to answer this question : What is the maximal work to he 
obtained bf/ the axlditwn of a ptre solvent to a solntim ? After methods 
of solving the problem were found, the experimental work gave 
general results of an unexpected nature, the very simplicity of which 
required a theoretical explanation ; it lay close at hand, and consisted 
in an extension of the rule of Avogadro which was previously un- 
expected. 

Osmotic Pressure. — In order to answer the question, What is 
the maximal work capable of being obtained by mixing a dilute solu- 
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tion with a pure Bolventi we may propose the same way as that 
employe*! hy us ulnive (p, 111), where we met a similar problem 
eoiiceniini^ the mixing of two li<|iiKl8 ; the siime formula; *leveloped 
there can 1 m^ tninsfcrre*! without further change to this case, if we 
cause the pure solvent to distil over isothcrinally into the soluti*)n. 
We will return to this a little later, hut will next consider a simplei 
an*l plainer apj^vratus which [)ermit« the mixing and the seixirating to 
lie conducte*! iHothornudly ami reversibly. The fortunate use of this 
apparatus w:is the artifice by means of which van T Hoff (188;)) (lis- 
covere*! the laws prevailing here almost by one stroke ; this artifice, 
moreover, has alr«*a*ly iidvantage*)UHly served us in a similar <juestion 
(p. DD). 

liCt us imagine, for example, a sugar solution covered with pure 
water ; as is well known, such a system at tmcc sutters a change, since 
the sugar begins to waiider from the lower to the upper ])art, i.t\ from 
places having a higher to thosii having a lower con- 
centration ; this *liffu8i*>n process, as this phenomenon is 
called, does not cciise till the concentrati*)n has become 
th*> Siuiie in all [)artH of the solution. Now let us imagine 
the solution to be 8**parato*l from the layer of water 
ab*»ve it by aso calh'd “serni permeable partition, ie. 
such a partition as allows free passage to the water, but 
not t*) th*', dissolve*! sugar; it must happen, *>f course, 
that the sugar will exert a pn\<.<utr on the partition, which 
opptiscs its cmleavour to fill the whole solution. If the 
partition is movable in a cylimler, as shown in Fig. 12, 
ifi which L is the solution ari<l W the layer *)f water above, which are 
Hi*parate*l by the pai'titi*)n just *lo8cribe*l, then we have tlie desired 
ap|Miratus to conduct tluj mixing imitherinally and rev*n’sibly. When 
tlio piston is pivsse*! *U)wnwar«ls the sugar in L is t^ompressed, an<l 
the wat*?r pisses over fnim L t*> W ; on the *>ther han*l, if the [M.ston 
is raised, waU^r pjisses from W to L, and the sugar s*)lution is 
(Mirrt'spomiingly <iibit*Hl Uut fv*uu the fact that the sugar will 
wumlor up into the pure waUu* by moans *>f *litVusi*)n, if we imagine 
the piston to l)*‘ remove*l, it necessarily f*)lb)W8 that there will be 
exerted a pressure ou the piston in the *liroctiou of the arrow ; and 
the greater this iwessuro is. ho much greater, of course, is the work 
which the dissolviMl sugar can jiorform in its expansion, i.e. as it takes 
up now solvetit material through the “ scmi-permoable partition ; the 
amount of this work can be calculated fn>ni the product of the 
pressure and the volume thnmgh which the piston is displaced. 

We will call the pressure meaaurcil by such an apparatus “Mr 
mmiiic ptmure of .solution^ The analogy with the pressure exerted 
by a gas on its enclosing walls is at once obvious. If we imagine the 
solvent to be removed, and the siwce L to l>c filWl with a gas, and 
the spice W to be made vacuous, then we have obviously on entirely 
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analogous experimental arrangement, since the onlinary gas pressure 
is acting, instead of the osmotic pressure. Moreover, tlie molecules of 
a dissolved substance, just the same as the molecules of a gas, have 
the tendency to occupy the greatest jwssihlr sj^ntee j and just as the 
molecules of a gas can be removed from each other to any desirtHl 
distance by expansion, so the same is true of the tendency of the 
molecules of a dissolved substance, provided that we constantly add 
more pure solvent. 

The Direct Measurement of the Osmotic Pressure. — The 

question now arises, whether we are able to realise the conditions of 
the experiment just descriluHl, whether we can construct partitnuis 
having the desired properties. Now, as a matter of fact, snclt is 
reiilly the case ; the seini-perraeiible ixirtitions do cK*cur in nature 
ready formed, and can also be artificially prepjiied, at loiist in certain 
cases. According to the researches of M. l'mtil)c,‘ the wemhmnes of 
precipUation^ which are formed on the surface se|Kirating a solution of 
cupric sulphate from one of poLvssitim fcrro-cyanide, and which 
consist of cupric ferro-c 3 ’anide, do possess the property of 1>eiiig 
permeable for water, but not for many substances soluldo in water, 
as cane sugar, for example. Therefore when Ufotfer - dippinl, int4) a 
weak solution of pot^issium feiTo-cyanidc% a i)orouH jar fille<l with a 
solution of sugar containing a little copper sulphate, and fitted with 
an upright tube, there was formed at once on the interior of the 
|H)rou8 jar a preci|»itiiteil membrane. Hy means <»f this the outwani 
passage of the sugar molecules through the cell wall is himloreti, but 
not so the inwanl passage of the water. As a result there folh»ws the 
j)ressure action on the semi-perraeablo membrane, as almvo describwl, 
but the membrane cannot yield since it is fasteiuMl to the resistant 
lx)rous cell ; therefore, according to the principle of action and 
reaction, there will he exerted on the solution an impulse which will 
tend to dnvc it away fn)m the membrane. This impulses will cause 
water to flow in and the solution to rise in the upright tube ; if the 
upright tulMj lie long enough, the opposing hydrostatic pressure will 
increivsc till it sUips the further inflow of water. Of course after the 
c<iuilibrium is csUvblishcil, this opiM>8ing hydrostatic pressure is ecpml 
to the osmotic pressure of the solution. Hut since the pressure 
amounts to sovonxl atmospheres, as we will sec later, Pfeifer used, 
instead of an open manometer, a closed mercury manometer, and thus, 
besides having the a<lvautage of a quicker adjustment, ho also 
succeeded in avoiding the influx of large cpiantities of water and the 
associated changes of concentration which are (Hfficult to control. 

If one uses the cupric ferro-cyanide membmne, it must lie notice<l 
that it is permeable for many soluble substances, such as stdtpetre, 

* Arrhivf. AifttOtmte und 11*67, p, 87. 

^ ihmt^i*rh€ Unier^uehunffen. Leipzig, 1M77. 
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hydrochloric acid, and many colouring substances, and therefore does 
not satisfy the desired conditions for these substances. As would be 
expected, the osmotic pressure in such cases is too small. The fact 
that other investigators, in repeating the experiments of Pfeifer, did 
not give sufficient attention to this point, although Pfeifer clearly 
recognised and emphasised its significance, makes a large number of 
measurements useless in the consideration of the theory of osmotic 
pressure. Some other precipitated membranes, 
such as zinc ferro-cyanide, tannic acid sizing, etc., 
likewise find application. 

The efficiency of a semi-permeable membrane 
used by myself ^ depends on the principle of selec- 
tive solubility ; thus, for example, ether can diffuse 
into water since it is partially soluble in water; 
but a substance dissolved in ether, and insoluble 
in water, cannot so diffuse into water. In order 
to give stability to the separating membrane, just 
as Pfeifer arranged the membrane of cupric ferro- 
cyanide in a porous cell, so I arranged the water 
in contact with a plant or animal membrane. By 
means of the simple apparatus shown in Fig. 13, 
the efficiency of an osmotic cell can be very easily 
demonstrated — for lectures, for example. A is 
a glass tube (for example, a piece cut from a test 
of pig’s bladder, moistened with lukewarm water, 
end ; it is closed at the upper end with a well- 
fitting cork, provided with one hole bored through. After filling the 
cell A completely, with ether containing a considerable amount of 
benzene, the opening in the cork is closed with a narrow upright tube 
which fits tight ; the cell is then dipped into a wider glass filled with 
ether. The cork B, which is not air-tight, serves both to hinder the 
evaporation of the outer ether, and also to hold the cell in place. 
Both the solution and the solvent must be previously saturated with 
water, in order that the solvent action of the ether may not destroy 
the skin of water in the partition membrane. Also, it is well to add 
a colouring substance which is insoluble in water, to the ether in the 
inner coll, so that the action of the experiment will be visible, and one 
can also bo thus assured that the membrane is tight. In order to 
prevent the membrane from bulging out, it is rested upon a small 
tripod covered with wire gauze. After the cell has been left to itself 
for some time, one will notice the rising of the ether column from the 
osmotic pressure of the benzene ; this usually amounts in an hour to 
more than a decimetre. 

A very elegant optical method for the discovery of solutions 
having the same osmotic pressure, i,e, the so-called is-osmotic solutions^ 
* Nuriist, Zeitifchr, phys. CVim, 0, 37 (1890). 
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is described by Tammann,^ who placed a drop of a solution of 
potassium ferro-cyanide in a solution of copper sulphate. The drop 
is at once surrounded with a membmne of precipitation ; accordingly 
as the osmotic pressure is greater in the inner or the outer solution, 
the cell will expand or contract, with the inflow or outflow of water, 
Tammann observed the osmotic stream produced by the changes of 
concentration by means of a so-called “ schlieren appiiratus. When the 
striae disappear, the osmotic pressure is the same outside and inside. 
If foreign substances are added to both solutions producing the 
membrane, which do not themselves diffuse through the membrane, 
then their osmotic action can be compared. These phenomena can be 
beautifully demonstrated. If a drop of a strong solution of potassium 
ferro-cyanide is added by means of a capillary pipette to a moderately 
strong solution of copper sulphate, it can be seen with the naked ej^e 
how striae of a concentrated solution of copper sulphate flow down- 
wards from the cell ; this is a proof that the inner solution continiially 
extracts water from the outer one. This very instructive phenomenon 
can be shown on the lantern to a large audience. 

Semi-permeable partitions and the associated action of the osmotic 
pressure play a very important role in the economy of living nature, 
and it should be emphasised that the investigations in plant physiology, 
and, among others, those of Traube, of de Vries, and especially of 
Pfeffer, made possible the more detailed study of osmotic pressure, 
the laws of which form the basis of the modern theory of solutions. 
Thus the living protoplasmic layer, which entirely surrounds the 
surface of the cell-sap of plants, is very permeable for the solvent, 
water, but is an almost completely impermeable membrane - for the 
substances dissolved in the cell-sap, such as glucose, calcium, and 
potassium malates, etc., as well as some inorganic salts. If, therefore, 
some plant cells, taken for example from the leafy part of Tradesamtia 
discolor, are sprinkled with a water solution having a greater osmotic 
pressure than that exerted by the substances dissolved in the cell-sap 
in the protoplasts, then the latter will contract, i.e. plasnwlf/sis is said 
to occur : if, on the other hand, a smaller osmotic presifure exists in 
the outer solution, then the protoplasmic sheath expands as far as the 
cell wall permits. Thus, by means of microscopic observation, one 
jan prepare solutions of selected substances which are is^osimiic 
iso-tonic) with the cell-sap. Osmotic action can also be recognised 
n the red blood corpuscles, ^ and in bacteria cells, ^ and nerve cells,® all 
of which can be applied to the study of osmotic solutions. Of course 


1 Wied, Ann, 34 . 229 (1888). r • i i k 

2 See e8i>ecially the treatise written for those who are not professional Iwtanistfl by 

de Vries, 2 . 414 (1888). , r ^ a aoa 

3 Hamburger, ZeUschr. phys. Ghent, 0. 319 (1890). See also ^>b, 

(1894) ; Koppe, iJbid, 16 , 261 ; 17 . 652 (1895) ; Hedin, 17 . Ib4 ; 21 . 272 (1898). 

^ Wladiiniroir, Zeitschr, phys. Ohetn, 7 . 524 (1891) 

3 See Tammann, Zeitachr, phys. Ghent, 8. 686 (1891). 
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the^ methods are useless when the dissolved substances either exert a 
specific poisonous action on the protoplasmic sheath of the cells in 
question, or else diffuse through them. It is not without interest to 
observe that the pressure in animal and plant cells under the most 
diverse conditions,' amounts to from four to five atmospheres ; and 
that sometimes it is even four times as great in those protoplasts 
which servo as the storehouse of dissolved substances held in reserve ; 
examples of the latter are the cell contents of beets, and also the cells 
of bacteria. 

In concluding this sketch, I give the measurements obtained by 
Pfeifer of the osmotic pressure in a water solution of cane siigai-, which 
wiis the substance most thoroughly investigated by him. The cupric 
ferro-cyanide membrane used by Keffer satisfied most completely the 
conditions of impermeability for this substance. 

Osmotic Pukssure of a One per cent Water Solution op Cane 
Sugar at Different Temperatures. 


Pre.S8ure. 



ObH. 

Calc. 


6*8 

0*664 Atm. 

0*665 Atru. 

+ 0*001 

l;j-7 

0*691 „ 

0*681 „ 

-0*010 

14*2 

0*671 „ 

0*682 „ 

+ 0*011 

15*5 

0*684 „ 

i 0*686 „ 

+ 0*002 

22-0 

0*721 „ 

0*701 „ 

! -0*020 

82-0 

0*716 „ 

0*725 ,, 

+ 0*009 

26-0 

0*746 „ 

1 0*785 „ 

-0*011 

_ 

- - . _ 

- . _____ _ 

. 


Dim 


The figures in the third column are calculated from the formula 
P = O G49(l +0-00367t) atm., 


which is well suited to express the results of the investigation, as is 
shown ])y the smallness and irregularity of the differences given in the 
last column. The measurements arranged for varying concentration 
Ciui be cidculatod with similarly good results from the formula 

P = n . 0-649(1 + 0*00367t), 

iti which n denotes the i)er cent strength of the solution, ie, the 
number of g. sugar in 100 g. of the solution; thus the pressure of a 
4 per cent solution, measured at 13-7°, amounted to 274 atm., while 
according to the preceding formula it should be 2-73 atm. It is 
obvious that the pressures involved are of considerable magnitude. 

H. N. Moi-so and J. C. W. Frazer {Amerimn Chem, Journal, 36. 1, 37. 
324, 1907} have recently succeeded in ineaauring the osmotic pressures of 
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sugar solutions up to very high pr^ures. The following table contains 
their results, and also the pressures calculated according to van ’t Hoff’s 
theory (see below), which agree when a normal solution is tiiken as containing 
1 mol sugar to 1000 grams water, i.c, 1 litre at 4”, instead of 1 mol sugar 
to 1 litre solution. 


Concentration of 

Temp. 

Pressure in Obs. 

Theoretical Gas 

Ditr . 

tlie Solution. 

Atm. 

Pressure. 

0*05 

20*.5 

1*25 

1-21 

+ 0-04 

0-1 

18-6 

2*44 

2 40 

f 0-04 

0-2 

21-5 

4-80 

4 - 8 .') 

- 0-05 

0*3 

19*4 

7*23 

7-22 

■4 0-01 

0*5 

20 

12-08 

12-07 

+ 0-01 

0-8 

17 -.5 

19-07 

19-14 

- 0-07 

0-9 

20-2 

21-80 

21 -74 

+ 0 06 

1-0 

22-5 

24-34 

24-34 

0-00 


The osmotic pressure is of course independent of the nature of the 
semi-permeable membrane ; if the membrane is more or lass permeable by 
the solute, too low values for the pressure are obtained. Selective solubility, 
as mentioned above (p. 130), probably plays a large part in the mechanism 
of osmose ; other complications can, how’cver, interlere (see the detailed 
study by G. Flurin, Chemical Action of the Membrane, Grenoble, 1907). 
When the membrane is siini^ly a second .solvent, only slightly miscible with 
the first, osmose can be entirely referred to diffusion phenomena when the 
law of relative lowering of solubility (see below) is properly taken into 
account ; for a discinssion of this .see Nernst, Zcitschr. phys. Chem. 6. 
37 (1890). [See also Berkeley and Hartley {Phil Trans. 206. 481 ; 209. 
177).] 

Indirect Methods for the Measurement of Osmotic Pres- 
sure. — In most cases the direct measurement of osmotic pressures 
is attended by very great experimental difficulties, which depend upon 
the successful accomplishment of making a scmi*permeable membrane 
of sufficient stability and osmotic activity. Fortunately the measure- 
ment in almost all cases can be easily and certainly obUiined by 
indirect nuthods. 

The indirect methods all depend on the measurement of the 
expenditure of work which is necessary to separate the dissolved sub- 
stance from the solvent. Now, according to what was said above, 
since the osmotic pressure is a direct measure of this expenditure of 
work, it is evident that if we know one we also know the other. 

Of the many methods which can be employed for the reversible 
separation of solvent and dissolved substance, we will consider the 
following : — 

1. Separation by evaporation. 

2. Separation by selected solubility. 

3. Separation by crystallisation. 
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But since each of these methods can be used in a double sense, 
we can remove either the solvent or the dissolved substance from the 
solution, we have the six following methods for the indirect measure- 
ment of osmotic pressure : — 

A. The Separation of the Pure Solvent from the Solution 

1. Separation by Evaporation. — We can see at once without 
further remark, that the partial pressure of the solvent above a 
solution must always be less than that over the pure solvent, at the 
same temperature. For if a solution and a solvent, at the same 
temperature, were separated only by a semi-permeable membrane, 
then the solution would add to itself at the expense of the solvent. 
If we assume that the partial pressure of the saturated vapour of the 
solvent is greater over the solution, then there must necessarily occur 
a process of isothermal distillation, whereby some of the solvent would 
be forced back from the solution to the pure solvent. In that case 
wo would have a perpetually automatic cyclic process, i.e. a perjietmm 
mMle^ which would perform work at the expense of the heat of the 
environment, which is contrary to the second law of thermodynamics 
(p. 13). 

In what follows wo will limit ourselves to solutions of non-volatile 
substances, ie. solutions the vapour pressure of which is equal to the 
partial pressure of the solvent, as described above. 
The diminution of pressure experienced by a solv- 
ent, on dissolving a small quantity of a foreign 
substance, is obtained as follows : ^ 

An upright tube for osmotic action holds the 
solution L (Fig. 1 4), and is dipped into the solvent 
W, water for example. Water will enter through 
the semi-permeable membrane A, which closes the 
upright tube below, till the liquid has mounted to 
the height 11 above the outer level, corresponding 
to the osmotic pressure prevailing in the solution. 
The whole system must be closed air-tight, and 
must be maintjiined at the same temperature at 
all points, reckoned in absolute temperature T. 
Then between the vapour pressure p of the water, 
and the vapour pressure p' of the solution, there 
must exist the relation that p', increased by the 
vapour column of the height H acting on W, must be equal to p. 
This relation merely states that the system is in equilibrium. For 
if we assume that p' is greater than that corresponding to this rela- 
tion, then water would constantly distil over from the upright tube 
into W, to be again transported by osmotic pressure into L ; in short, 

' See G oil y and Chaperon, Ann. chim. phys. [6], 13. 124 (1888); and Arrheiiiiis, 
Zcitschr. phys. Chem. 3. 116 (1889). 
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the water would constantly traverse a cyclic process, ie. the system 
would represent a pei'petiium mobile^ which would be able to i>erform 
any desired amount of external work at the expense of the heat of 
the environment, and the existence of which would contradict the 
second law of thermodynamics. 

Also, conversely, if p' were smaller than would coiTesiX)nd to the 
preceding relation, then water would distil over from W into the 
upright tube, would pass below from L into W, and again around in 
this reverse cycle. Equilibrium, therefore, can exist only when the 
excess of pressure of p over p' is compensated by the hydrostatic 
pressure of a vapour column, ecjual in height to the difference between 
the levels. 

The pressure of this vapour column can be easily calculated. If 
we denote the molecular weight of the solvent by then from the 
gas formula, pv = 0*082 IT, we obUin the specific weight of the vapour, 
compared with that of water as unity, and since there are g. of the 
vapour in v litres, the weight of one c.c. in g. amounts to 
Mq ^ M,p 
lOOOv 0*082 IT. 1000 ’ 

Instead of p we can introduce p', since their difference can be neglected 
if the solution is very dilute. In the same way we can neglect the 
fact that, strictly speaking, the density of the vapour column varies 
along the upright tube, and express tlie hydrostatic pressure simply 
by the formula 

HMpp- 

0*0821 T . 1000 . 76 rr ^ ’’ 

where H is measured in cm., and tr denotes the specific gravity of 
mercury. The osmotic pressure of the solution corres})onds to the 
pressure of the elevated column of liquid H. Therefore between If, 
and the osmotic pressure P expressed in atmospheres, there exists the 
relation 



where S denotes the specific gravity of the solution, or also ^hat of the 
slightly differing solvent. 

If we eliminate H in the expression for the hydrostatic pressure of 
the vapour column, by introducing 

P76cr 

S 

for H, then we obtain the following expression for the relation of p 
and p' (developed as above from the conditions of equilibrium) : 

PM,p' 



136 


THBOBETICAL CHEMI8TEY 


BK. 1 


And thus obtain the expression sought for the osmotic pressure, viz. 

00821 T.lOOOS.^^^ 

P' 

which was found by van ’t Hoff’ (IH86),* by a method not diflering in 
principle from the preceding. 


The vajKjur pniHHUro of a dilution containing 2*47 g. of ethyl benzoate 
to 100 g. ot l)eiizeiie wfiH foninl to be 742*60 nun. at HO'^, while that of pure 
iM'nzene at the .Hanie teinj»erature aiiiountHl to 7hl*H6 iniii. tlie molecular 
weight M of ImiiMUie is 78 ; its Hpecitic weight at the pivet^fjing teiiijieratnre 
H 0*H14!) ; therefore the oisniotic presHurtitif the afores/iifl 8olutiou is calculated 
to Ixjs 


1 * ^ 


0-26 

742-6 


0*0821 . (273 4-80) .814*9 
78 


= 3-78 atm. 


The simple yet obvious derivation given above for the fundamental 
relation l>e tween osmotic pressure and vaj)our tension is not quite strict, 
liecHUse it assumes that p~p" is only a small fraction (say the 
hundredth part) of p, a condition satisfied only in the ctuse of very 
(lilnte solutions. Wo obtiiin a more exact formula in the following way. 

Hy means of the upparatu.H figured on p. 128 (Fig. 12), we remove 
a small (piantity of the solvent from the solution. The expenditure 
of work necessary for this amounts to Pdv, in which dv is the volume 
through which the piston is lowered. Let the quantity of solvent 
removed from the solution l>o dx mol. Now wo can also remove the 
same quantity of solvent from the solution by means of isothermal 
distillation, and denotirjg by p and p' the respeertivo vapour tensions 
of the pure solvent, and <»f the .solution at the temperature T, 
the expenditure of work necessary^ according to the ecpiaiions on 
p. 1 1 3, is 

dxUTln K. 

1> 

Now since the work must be the .same in these two isothermid and 
»eve?rsible ways, it follows that 

p^'I'irrinP. . . . (2) 

dv p ' 

Now as the addition of dx mols of the pure solvent to a sufficiently 
clilutrc solution produces neither contmction nor dilution, dv is obviously 
efjual to dx mols, i>. it follows that 

dv = ^vj^’dx .... (3) 


* Vftii I IfofT, ** l/ois «tc 1 <‘‘i|uiUtirc cliiiiiiqno <l.ans tliluc on Uissons.'’ Slock- 

hohu, 1S.S6. All of thin U to he fouu«l in Xi'ifachr. phys, ('hnn. 1, 481 (1887). 

Rvkiuttini. S^eihchf, phys. i*hrm, 0 . 439 0890). 
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From (2) and fs) we find 

P.?^RT1„P .... (4) 

In order t6 obtain P in atmospheres, we must express the volume 
of 1 mol of the solvent in litres, and must write 0 0821 for 1\', 
when it follows that 


P = 


0 0821 T lOOOS 

M., 


In atm. 


For In in eiiuation (5) we may write 




\ P / 1^ 


P / 1^ 

if i^ very small compared with 1. Equation (5) gives with the former 

data for the pressure of ethyl benzoate in benzene 

P=- 3-7G atms., 

while the hiss exact formula gives 3*78 atm. 


It is recommended in practice to determine the point instcjul 

of the vapour pressure. Instead of the lowering of the vapour 
pressure p - p', one can measure much more simply and accnnitcly the 
elevation of the boiling-point produced by the addition of soluble sub- 
stances. If the determination is conducted at the atmospheric pressure 
B, then the vapour pressure of the solution at its boiling-|)oint will 
be p' = B. The vapour pressure p of the pure solvent at the wiino 
temperature is B, increased by the amount by which it rises from the 
temperature of the boiling solvent to that of the solution ; this cjin bci 
obtained from the vapour-pressure tables of Itegnault and others with 
satisfactory accuracy for most available solvents. 

For small elevations of the boiling-point /, Ave can calculate p, by 
means of the formula of Clausius (p. GO) : 

d In p _ A 
dT “im 

When the temperature interval is small, A may be considered constant ; 
integration then gives 

In p = ' ^ const. 


Now’^, at the boiling-point of the pure solvent, Ave have 


In B ■= - + const., 

Kl,, 


= In 
P 


B 'liTo 'Ti 


and therefore 
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This, introduced into formula (4), gives 



This, simplified, l»ecome8 
Sit 

where 


V 


or H - 


lOOOS. 1 
2119 



( 6 ) 



denotes the heat of evaporation of 1 g. of the solvent, 24 19 is the 
factor to reduce cal. to litre atmospheres (p. 12); and t ~ T - T,^ denotes 
the elevation of the hoiling-point of the solution. As before S denotes 
the specific gravity of tlie solvent. The factor 1000 is again intro- 
ducecl because we must o.\ press the volume of 1 mol of the solvent in 
litres in order to obtain p in atmospheres. Tliis birmula does not 
depend on the condition that the vapour of the .«?olvent must follow 
the laws of gases ; but, on the other hand, it takes no account of the 
slight change of the heat of vaporisation with the temperature ; yet it 
can be used for (Novations of boiling“|)oint of 5 - 10 \ within 1 per 
cent of the correct value of the osmotic pressure prevailing at the 
temperature T^, -h t. 


Thus the ehw/itioii e\[»(‘rii‘n<a*(I liy the i)(>iliiig-)>(tinf of Imui/.cik*, ou tht‘ 
a«l(litioii of 2*17 g. of ethyl h(*u/.oate to 100 g. of the solviuit, is0*t02‘. If, 
aecoi'diiig to p. 59, wo. put the heat of va|H>risation of benzene at MO'" as 
eipial t<i 9 1*4 <*/d., it follows that 


814 9 • 91*4 
24*19 


0*409 
(279 4 - 80 ) 


9*03 atm. 


The <litfereuee, a.s eonipju’ed with the valin; 9*7(> found on p. 197, can hi* 
explained by the fact that in the first ealeulation we assumed that tin* gas 
laws hold tor benzene vapour, which is not (piite accurate (see also p. Gl). 

44ie osmotic pressure of a inifrr tiolnfioit at the boiling-jioint lt)0 + t'" is 
acconlingly 

0 t)r)9 * 596*4 t 

24*19 ’279+100’ 

or P = 57*Otatm. 


2. Separation by Selected Solubility.- The far-reaching analogy 
which exists between the process of solution and that of evaporation, 
and to which repeated reference must be made, is also shown in the 
fact that just as the vaiK>ur pressure of a solvent A is depressed by 
the addition of a foreign substance B, so also the solubility of A in a 
second solvent is diminished by the addition of a foreign substance B; 
and the two phenomena follow the s;ime laws. Thus, if we mix 
together two liquids, as ether and water, which are only slightly 
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soluble in each other, and if we denote by L the solubility of pure 
ether in water at the temperature T, and by L' the solubility in water 
of ether containing a foreign substance at the same tcnn)eraturo, then 
L' must always be smaller than L ; and the osmotic pressure P of the 
foreign substance dissolved in the ether is given by the relation 


P 


L -1/ 0*0819 T. 1000 S 

atm, 

li 



where, as above, S and IVI denote resjH'ctively the specific giavity 
and the molecular weight of the ether; this relation is completely 
analogous to the relation between the lowering of vapour pressure and 
osmotic pressure, etiuation (5).* 


The pi^oof of eipiation (7) is im»Hl easily nriivi^l at fn)iii the observation 
that the sobihility of ether in water must In- the same as that of etln*r 
va]x>nr. Jhil as the latter, aceonling to Ifonry’s law, must have a silnbility 
pro]»ortional to its 2 *artial ])n‘ssure, 


L 


1/- p : p'. 


and tliercfore equation (7) is a necessary consequence of (1). 


3. Separation by Crystallisingr (Freezing Out). — From the law 
that solutions of various substances in the same solvent are is- 
osmotic when they have the same vapour pressure*, it follows directly 
that the same osmotic pressure must prevail in solutions of the sedvent 
which have the same fm'jtKj pftiuf. For as the freezing-point is that 
teinpeiuture - at which the solid solvent (me) and the solution are 
capable of existing together, it must alsi> be the point at which the 
curves of the vajxntr pressures of 
the solution ami of the solid 
solvent cut each other, i.c. whetr 
both have the same rajxmr prvssfm\ 

For if wo supj)ose, for example, 
that the vapotir pressure of ice and 
that of the water solution were 
different at the freezing-point, 
then a proc(»ss of isothermal dis- 
tillation would begin, by w^hich 
equilibrium would be disturbed ; 
equilibrium can only be stable 
when the vapour of the solvent 
over the solution and the solid is 
of the same density. Solutions of equal freezing-point have therefore 
3qual vapour pressures, namely, that of the separated icc, and are 
isotonic. 

These relations arc shown in Fig. 1 5, in which, as in Fig. 4, the 

^ Nenist, phtfs. 6. 16 (1890). 

It is assiimett in all this arguniciit that pure solvent crystallises out of the aolttiioii, 
IS is usually the case. But see “Solid Solutions,” p. 164. 
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vapour pressure curves of solid and liquid are shown, but also — dotted 
— the vapour pressure curve of the solution. The latter must lie 
below the curve for the solvent, according to the foregoing argument ; 
hence its intersection T, witli the curve for the solid, must lie below 
Tq. - T = t is the lowering of the freezing-point. 

The relation existing between the lowering of the freezing-point 
atul of the osmotic pressure of a solution is found by combining the 
e(|uation for the molecular heat of sublimation o- (p. 71) with that for 
the heat of vaporisation A (p. 58), viz. 

= and X = . • («) 

in which p' denotes the vapour pressure of the solulified solvent, 
equivalent to that of the solution according to the aforesaid law, 
and p denotes the vapour pressure of the pure (nndercooled) liquid 
solvent, both values being referred to the freezing-point of the solu- 
tion : by integration we obtain 

P ~ RT ^ ^ ~ RT ^ 

Now, according to p. 72, at the freezing-point of the pure solvent, the 
temperature of which is T^, the vapour pressures of the solid and of 
the li(|uid solvent are the same, i.e, at T^^ we have p' = p - p^, and 
therefore 

lnpo=-j;T^ + C'; lnpo=-^^!;,^ + a 

If we eliminate the integration constants C' and C respectively, by the 
subtraction of the equations standing under each other in the same 
column we obtiiin 



and by the subtraction of these last two equations we obtain 

, p (T-Ari in 

"p'“ R Lt ToJ’ • • • (9) 

thus wo obtain a formula which affords us the relation between the 
lowering of the vapour pressure and of the freezing-point of a solution, 
as well as the vwlemlar heat of f union, o- - A, of the solution ; this was 
found by Guldberg^ as early as 1870; K here amounts to 1*985 if 
wo express the heat of fusion in g.-cal. 

Substituting in formula (4), p. 137, and putting p^<r - k we have 



^ Oompt. rend. 70 . 1349 (1870). 
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or simplified, as in equation (6), p. 138, 


_ Swt _ 1000 S.w t 


atm. 


( 10 ) 


In this formula w denotes — heat of fusion of 1 g. of the solvent 

M 

expressed in g. cal. ; is the fusing-point; S is its specific gravity ; 
and t denotes - T, the lowering of the freezing-point. 


Thus by the addition of 2*47 g. of ethyl benzoate to 100 g. of benzene, 
the fi’eezing-point, S’S"*, of the solvent is lowered about 0*840° : its heat of 
fusion amounts to 30*08 g.-cal, and its specific gravity at the freezing-point 
is 0*8875. The osmotic pressure of the solution is thus 


P = 


887*5 . 30*08 0*840 


24*19 


273 + 5*5 


= 3*329. 


For water we have 

lOOOS . w _ 1000 X 79*6 
24*19 T. ■" 24*19 X 273"' * 


and therefore the pressure of a water solution freezing at T^^ - 1 is 
P— 1206 t atm. 

According to the very accordant measurements of Abegg ^ ; Ponsot - ; 
and Raoult^j the freezing-point of a 1 per cent sugar solutionis about 
- 0*0646°* Its osmotic pressure is therefore 0*657 alms., in good agree- 
ment with Pfeifer’s direct measurement of 0*649. 

Moreover, we observe from the preceding formula that the thousandth 
part of a degree of temperature, a quantity quite dillicult to measure, 
corresponds to a pressure of 0*012 atm., i.t, about 9*1 iniii, of mercury ; this 
latter value could be determined to one part per cent, providwl one had a 
semi-per unable membrane sufficiently sure and rapid in its action. 

On account of the simplicity of determining the lowering of the freezing- 
point, in practice the method above described finds application almost 
always, in preference to the measurement of the osmotic pre.sflurc : its 
experimental treatment will be considered in the chapter on the determina- 
tion of the molecular weight 


B. The Separation of the Dissolved Substance from the Solution 

1. Separation by Evaporation. — We will consider two solutions 
of the same substance in the same solvent, of very nearly the same 
degree of concentration. Lot P be the osmotic pressure of the 
substance dissolved in solution 1. ; let p be its vapour pre^ure over the 
solution ; let V be the volume of the solution containing 1 mol of 
the substance dissolved; and let v be the volume assumed by the 
mol in the gaseous state at the pressure p. Let the corresponding 
magnitudes in solution 11. be P + dP, p + dp, V — dV, and v-dv, 

1 Zeitschr.phys. Ohem. 20. 221 (1896). ® Bull. Soc. Chiin. [3], 17. 395 (1897). 

^ Zeitschr. phys. Chem. 27. 617 (1898). 
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respectively. We will now conduct the following cyclic process at 
the constant temperature T. We will first set free from solution I., 
I mol of the dissolved substance, whereby the work PV will be 
performed against the osmotic pressure, and the work pv hy the vapour 
pressure p. Then we will compress the mol now existing in the 
gaseous state from v to v - dv, whereby there will be performed the 
work pdv. Next we will bring the mol into solution II., whereby 
there must be apjdied the work (p + dp) (v - dv) agnimt the gas 
pressure, and the osmotic pressure performs the work (P + dp) 
(V - dY). Finally, we bring the mol from solution II. back again 
to solution I., whereby the osmotic pressure expends the work PdV, 
and then all is reduced to the original condition. 

Now, since the sum of the work expended oii the system, diminished 
by the work perfanned hy the system, in a reversible, isothermal, 
cyclic process must bo equal to zero, we have the equation 

PY - pv + pdv + (p + dp) (v - dv) - (P + dP) (V - dV) - PdV - 0, 

or simplifying it and neglecting the small magnitudes of the second 
order, 

vdp = VdP . . . . (11) 

2. Separation by Selective Solubility. — Wo bring together two 
liquids which are only slightly soluble in each other, as, for example, 
carbon disulphide and water ; wo then dissolve a third substance, as 
iodine, which is divided between the two solvents. We will denote by 
\\ and Vp the osmotic pressure and the volume respectively, assumed 
by I g.-mol of the dissolved substance in one solvent, and by Pg and 
Yg, the corresponding values in the second solvent. Then by mearis of 
a cyclic process completely analogous to that just described above, we 
can at once derive the relation 

Y,dP,=:V.4P, . . . . (12) 

8. Separation by Crystallisation.— The metliod employed alto- 
gether most fre(]uently in practice to separate a dissolved subsbuice 
from its solution, consists in crystallising it out from its saturated 
solution, by means of a suitiblo change of temperature. 

This process reminds us of the condensation of a substance from its 
saturated vapour, and we also easily see that the analogy between 
the processes of solution and of vaporisiition is not merely external, 
but that it is really deep-seated. For if we vaporise a solid or a 
liquid body, its molecules are driven by an expansive force, called the 
“vapour pressure,” into a space where they arrive under a certain 
pressure, viz. the pressure of the saturated vapour for the temperature 
in question. The conditions are similar when a solid goes into 
solution ; in this case also the molecules are driven by a certain ex- 
pansive force, called the solution pressure, into a space where they 
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attain a definite pressure, namely the osmotic jrremire of the saturated 
solution. 

We have developed thermodynamically on p. 59 a formula of 
Clausius, giving a simple relation between the change of vapour 
pressure with temperature, the increase of volume from vaporisation, 
and the heat of vaporisation. In a precisely similar way, by effecting 
the solution of a substance — instead of its vaporisation into a vacuum 
— and by making the process reversible by means of a semi-pcrmciible 
partition, we can derive a relation between the change of ^‘solution 
pressure ” with the tempemture, the increase of volume from solution, 
and the heat of solution of a solid substance : thus we obtain directly 

dP 

y = T^^(V-v'). 


Here Q denotes the amount of heat ahsorhed when 1 mol of a 
solid substance goes into saturated solution, at the constant osmotic 
pressure P, and the temperature T ; v' denotes the volume occupied 
by 1 mol of the substance before going into solution, and V the 
volume assumed by I mol of the same substance in the saturated 
solution (van ’t Hoff).* 

If the 8ul)8iaiice going into solution i« a liipiid, tlierc arises a conijdica- 
t ion from the solution of the solvent itself in this suhstanee ; but this can 
be overcome by easy calculation. 

The Law of Osmotic Pressure. — The laws of osmotic pressure 
must of course deal with the questions how the osmotic pressure 
depends on (1) the volume of the solution, i.e. the concentration, 
(2) the temperature, (3) the nature of the substance dissolved, 
(4) the nature of the solvent. The answer to these questions, which 
of course can be obtained oidy by experiment, Le. by the direct or 
indirect measurement of the osmotic pressure iu the most numerous 
and various conditions possible, is very simple, and has led to the 
following remarkable result, that the osmotic pressure is iiuhepeiulent of 
the nut are of the solvent, and in general oheijs the laws of gases (van ^t Hoff). 
The various proofs requisite for esUiblishing this law will be given iri 
the following sections. 


Osmotic Pressure and Concentration.— Pfeffer found that the 
pressure of solutions of cane sugar was proportional to the concentra- 
tion (p. 132); the nilcs, according to which the lowering of vapour 
tension (law of Wiillner), and the lowering of the frcczing-jioint (law 
of Blagden), vary proportionally with the concentration of the dis- 
solved substances, have long been known, and in the light of the 
formulae developed on pages 136 and 140 must mean that the same 

^ Sec also van Deventer and van dcr Stadt, ZeiUchr. phys, Ciitm, 0 , 43 (1891). 
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holds good for the osmotic pressure. If we denote by c the number 
of mols dissolved per litre, then 

P = c X const. ; 


and we notice that 


c 


1 

V’ 


if V denotes the volume of the solution containing 1 mol of the 
dissolved substance ; then 

PV = constant ; 


i.e, the Boi/le-Mariutte law holds good fm' the osmotic pressure. 


Osmotic Pressure and Temperature. — Pfeifer’s measurements 
of the pressure of solutions of cane sugar can be well represented by 
the formula 

P = 0G49(1 + 0-00367t). 

Put the temperature coetficient 0*00367 is the same as that of gases, 
Le. the osmotic pressure is proportional to the ahsolute temperature. This 
result is confirmed by a simple law which was discovered by Babo as 
early as 1848, and which has been verified repeatedly by experiment 
in recent times ; namely, that the relative lowering of the vapour pressrare^ 

dihde solution^ and also the qmtient^ is independent of the 

temperature. For if we observe in the equation 

^ 0*0821 T 1000 S, p 

P = In 

Mo p 


that S is inversely proportional to the volume V of the (quantity of 
solvent containing a definite amount of the dissolved substance, say 
I mol, and if we also notice that, according to Babo’s law, the 
expression 


0*0821 , p 
-Hit In , 
Mq p 


is independent of the temperature, then it also follows in this way 


that 


PV = T X const. ; 


i.e. the law of Gay- Lussac holds good for the osmotic pressure. 

This law will later be established more rigorously by thermo- 
dynamic considerations; but remark should here be made that the 
numerous determinations of the elevation of the boiling-point /and 
of the lowering of the freezing-point of dilute solutions, haVe all* 
shown that the osmotic pressure of solutions of similar dilutions at 
those two points referred to the same spatial concentration,^ have 

^ Such a reduction is necessary, since the expansion of the solution from heat 
increases the volume of the substance dissolved. 
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the same ratio as the absolute temperatures of the boiling-j>oint and 
melting-point. 


Osmotic Pressure and the Heat of Dilution.— When more 
solvent is added to a dilute solution, there w no heat developedy neithei' is 
external work performed. The total energy remains unchanged in this 
process. If the operation is conducted in such a way that external 
work is obtained at the same time, then the solution must cool itself 
an equivalent amount, exactly as was the case with gases (p. 48). 
And if, on the other hand, one compresses the solution by the osmotic 
apparatus figured on p. 1*28 (Fig. 12), then the work applied will 
reappear as heat, according to the law of the conservation of energy. 
We may express this law by saying that the content of energy of a 
dissolved substance is independent of the volume of the solution. 

If we displace an osmotic piston through the volume v, and apply 
the < 3 quation {e) on p. 23, viz. 


A - U - 


then since 

the maximal work 


U = 0, 


A = T 


.dA 

dT’ 


or integrated, we have 

A = T X const. ; 

\i.e, A is proportional to the absolute temperature. Now A = Pv, 
when V is the volume of 1 mol ; then the osmotic pressure must 
also be proportional to the absolute temperature. Wo found this 
latter law established by experience. Now we see that the necessary 
and sufficient condition for its validity is that the heat of dilniion is 
equal to zero (van ^t Hoff, 1885). 

Quite generally, in the case of concentrated, and sometimes also 
in the case of dilute solutions, where the process of dilution is 
associated with the formation of new molecular complexes, or with 
the decomposition of those already occurring, the heat of dilution may 
lave a positive or a negative value. In such cases, obseiwation shows 
10 ratio between the osmotic pressure and the absolute tempemturc 
(see section on ideal concentrated solutions). 


The Osmotic Pressure and the Nature of the Substance 
dissolved. — In 1883, on the basis of a very extended series of 
observations, Kaoult advanced the theorem that by dissolving equi- 
molecular quantities of the most various substances in the same solvent, 
its freezing-point is lowered the same amount. Soon after, 1887, 
he showed that the same holds good for the lowering of the va|K)ur 
pressure, and therefore of course for the raising of the boiling-point. 

L 
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Bat solutions having the same freezing-point and the same vapour 
pressure, have the same osmotic pressure; and thus the rules of 
liaoult can be condensed into the statement that solutions having 
the same osunotic pressure can he obtained hy dissolving equimolecular 
quantities of the most various substances in the same solvent. 


Osmotic Pressure and Gas Pressure. — It has been shown in 
the i)reccding sections on the basis of many experimental results, that 
the osmotic pressure of dissolved substances depends on the volume 
and on the temperature, in the same way that the gas pressure does ; 
further, that in both cases the amount of pressure is determined by 
the number of molecules, dissolved or gaseous, contained in unit 
volume; and, finally, that the analogy between the behaviour of 
dissolved and gaseous substances finds expression in the theorem, that 
in Imth cases the content of energy at constant temperature is 
independent of the volume occupied. Now it is but a stop to 
identify the absolute osmotic pressure, with the gas pressure which 
would bo observed under similar relations. 

From the observations conducted by PfcflTer on water solutions of 
c»ane sugar, and satisfying the formula (p. 132), 

P = n 0*649(1 + 0*003C7t) atm., 

the pressure of 1 per cent solution at 0® is estimated to be 0*649 atm. 
The volume of 100 g. of solution at 0° is 99*7 c.c., and the volume, 
therefore, conUvining 1 mol of cane sugar (CjgHggOjj - 342), is 
342 x 99*7 c.c. = 34*1 litres. But the pressure in a volume v, con- 
taining 1 mol of a gas, as calculated from the gas laws (p. 40), is 


Rt 0*0821.273 ^ 

341 -' = ^*657 atm. 


This value coincides in a striking way with that found directly (viz. 
0*649 atm.) ; i.e. the osmotic p'essure is exactly the same as the gas pressure 
xohieh vxmld be observed if the solvent were removed, and the dissolved 
sulfstance were left filling the same space in the gaseous state at the same 
tempei'ature. 

Thus the same equation of condition holds good for the dissolve 
cane sugjir, as for a gas, namely, 

PV = RT = 0*082 iTlitre-atm., . . (13) 

where P denotes the osmotic pressure of a solution containing 1 mol 
of the substance dissolved in V litres, and measured in atmospheres, 
at the absolute temperature T. 

It has been proved by numerous indirect measurements of the 
osmotic pressure, that this result has a universal value. We will 
next proceed to discuss a purely empirical law discovered by Raoult,^ 
accoi’ding to which th-e reliUive lowering of vapour pt'cssure experienced hy a 
^ Raoult, ZeiUchr. phya. Chem. 2. 353 (1888). 
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sol^ on dissolving a foreign snbstmm is equal to the quotient obtained by 
dmaitig the number of dissolved molecules ii, by the number of molecules N, 
of the^ solvent. This law, especially well established for dilute ethereal 
solutions, leads to the relation 


P-P'^ n 
p' N’ 


(14) 


If we introduce this value for the relative vapour pressure, in the 
formula (1) on p.*T36, we obtain 


" 0-082 IT X 1000 S 

But denotes the number of grams of the solvent contiiining n mols 

NM 

of the dissolved substance, and — — ^ denotes the volume of this in 

litres, because S denotes the sp. gr. of the solvent ; and therefore it 
follows that 


nlOoOS 


is the volume of the solution in litres, containing 1 mol ; and thus 
again we obtain the equation of condition 

p Qj. py = 0*0821 T litre-atm. 

The analogous law for the lowering of solubility has been proved 
by researches with various solvents ^ : the relative lowering of solubilily 
is equal to the number of rmlecules of the dissolved substance divided by 
the number of molecules of the solvent, Le, 

L~L'_^n 
If “N* 

If we introduce this equation into the relation given on p. 139 
which connects the lowering of the solubility with the osmotic 
pressure, we again obtain precisely as above, the equation 

PV = RT = 0*0821 T. 


Finally, this relation is proved by measurements of osmotic 
pressure conducted according to the method of freezing. In particular 
Blagden (1788), liudorff (1861), and Coppet (187l)studied the lower- 
ing of the freezing-point experienced by water from dissolving salts, 
but without arriving at any simple laws of general applicability. The 
reason of this, as will be shown later, is that on account of the electro- 
lytic dissociation of salts in water, the relations are much more com- 
plicated, and therefore the laws are much more obscure than in the use 
of other dissolved or solvent materials. Therefore, as soon as Kaoult 
turned his attention particularly to the study of the substances of 
* Nernst, Zeitachr, phys, Qhem* 0. 19 (1890). 
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At fii-st Raoult Busi)ected that the relation between the molecular 
lowering of the freezing - point and the molecular weight of the various 
solvents was a simple one, represented by the equation E = 0 * 62 Mjj. This 
was not supported by further observations. It was van T Holf who first 
showed how the value of E could be calculated from the melting-point and 
the heat of fusion of the solvent. 

The Law of Absorption of Henry and Dalton. — It has long 
been known that there is a simple relation between the vapour pressure 
of a substance in solution and the concentration. It is usually 
formulated thus : gases dissolve in any selected solvent in the direct ratio of 
their pressure Law of Absorption, 1803). The proof of the 

law was mainly confined to measurements of the solubility of permanent 
gases, and was shown to be extremely accurate. The law, of course, 
holds good in a similar way for dissolved liquids, and thus, to take an 
example, the partial pressure of alcohol in the vapour over its dilute 
water solution is proportional to its concentration in water. 

In the sense of Henry’s law there must exist between the vapour 
pressure p, and the osmotic pressure P, of the dissolved substance, a 
ratio which can be expressed by the equation 

^^dP 
p P ^ 

if we compare those with the equation developed on page 142, viz. 

vdp = VdP, 

it follows that 

pv = PV, 

i.e. we again obtain 

PV = RT. 

Thus for all gases or vapours which dissolve in any selected solve/nt pro- 
portionally to their pressure, i,Q, for those which obey Henrifs law of absorption, 
their osmotic pressure is equal to the emresponding gas pressure,^ From the 
— so far as is known — high accuracy of the law of absorption it may 
be concluded that the osmotic pressure follows the laws of gases with 
equal accuracy. The exactness of the law of absorption offers the 
simplest, and also the most exact experimental proof, that the dissolved 
substance exerts the same pressure on a semi-permeable partition that 
it would exert on an ordinary partition, were it a gas at the same 
temperature and concentration. 

As Dalton discovered in 1807, each gas in a gas mixture dissolves 
in accordance with its own partial pressure ; and this can only mean 
that each of the dissolved gases exerts the same osmotic pressure that 
it would if it were alone ; Le, the same simple law of summation, as 
found by Dalton for gases, also holds good for the osmotic pressure of 
a solution of several substances ; and therefore the total lowering of 

^ van ’t floff, l.c. 
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the freezing-point occasioned by two dissolved substances in the same 
solution is equal to the sum of the lowerings which each would 
occasion were it alone ; the same holds good also for the lowering of 
the vapour pressure, and of the solubility, provided, of course, that no 
chemical action occurs which would effect a change in the number of 
the molecules. 

The Nature^ of the Solvent. — The question how the nature of 
the solvent ir.fluences,^the osmotic pressure of the dissolved substiince, 
is at once settled by the fact that, as it is identical with the gas\ 
pressure, there is no dependence at all between the osmotic pressure 
and the nature of the solvent. 

A direct proof is afforded by investigation of the partition of a 
substance between two solvents in analogy to Henry’s law it is found 
that the concentrations in the two solvents are proportional, just jis in 
the partition between gas-space and solvent ; thus, for example, if one 
mixes together carbon disulphide, water, ami iodine, then tha ratio of 
the concentration of the iodine in the carbon disulphide, to that in the 
water, at a temperature of 15"’, is 410, regardless of the quantity of 
iodine used. 

If we introduce this relation into the equation (p. 142), V^dPj - 
V 2 dP 2 i then by a method exactly similar to that given in tlio preced- 
ing section, we obtain the result 

Le. at the same spatial concentration the osmotic pressure is the 
same in the two solutions. We must conclude, therefore, that by 
dissolving the same quantity of iodine in a litre of water as in a litre 
of carbon disulphide, we obtain the same osmotic pressure in the two 
solutions. 

It is, of course, assumed in this that the dissolved substance has the same 
molecular weight in the two solvents : otherwise the osmotic pressure of 
e([ually concentrated solution would be diflerent if double molecules are 
formed in one solvent — as by acetic acid in benzene, — whilst in another, such 
as water, the molecular weight is normal). If the molecular weight is not 
the same, the ratio of partition is not constant (Book 111. Chapter HI.). 

The earliest experiments on partition between two solvents are due to 
Berthelot and Jungfleisch {Ann. chim. j^hys. [4], 26. 396, 1872); as they 
investigated many substance^s that did not satisfy the above condition, 
Berthelot concluded that the partition coefficients vary with concentration 
even in dilute solution. I showed in 1891 that constancy of the partition 
coefficient is associated with similarity of molecula?* condition of the dissolved 
substance in the two solvents (Zeitschr. phys. Chem. 8. 110, 1891). 

Since for a given concentration, osmotic pressure is independent of the 
nature of the solvent, it follow.s that it is not altered by compression of the 
solvent, provided that no change of molecular state is produced. This result 
may be easily pi’oved thermodynamically. 
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Molecular State of Bodies in Solution.— The results of the 
preceding paragraphs all supj>ort the empirical law that the osmotic 
pressure of a dissolved substance is equal to the gas pressure which 
could be observed manometrically if the solvent were removed and the 
dissolved substance left in gaseous form occupying the same space. 

From this follows a practical application of the methods for 
measuring osmotic pressures that is of great importance. If the 
osmotic pressure of a substance — not too concentrated — in any solvent 
is measured, the corresponding gas pressure is known, and all the data 
are at hand for determining the vapour density, and so by Avogadro’s 
law the molecular weight. We have thus methods of finding the 
molecular weight of substances whose vapour density it is difficult or 
impossible to measure, because they only evaporate at high tempera- 
ture or not at all without dissociation. Moreover, it is to the 
advantage of these methods, that with a proper choice of solvent the 
osmotic pressure is usually more convenient to measure in this way 
than the vapour density. 

It must be observed, however, that determination of molecular 
weight by osmotic pressure is purely empirical. It is only a result of 
experience that the osmotic pressure is equal to the pressure that the 
dissolved substance would exert as a gas in the same space if the 
solvent were removed. It is, moreover, indifferent whether the 
experiment can be realised or not, Le, whether the dissolved substance 
is capable of existing as a gas under the given conditions ; it is true 
that wo can calculate the vapour pressure under given conditions of 
any chemically well defined substance by means of Avogadro’s law, 
and conversely, when wo know the vapour pressure (corresponding to 
the osmotic pressure), we can calculate the molecular weight. But 
the calculation has no other basis than the equality that is often 
observed between gas and osmotic pressure ; no assumption can be 
made beforehand as to the molecular state of the substance in 
solution. 

The remarkable relation between osmotic pressure and molecular 
weight, however, demands a theoretical explanation ; and the explana- 
tion evidently must turn on the molecular state of the substance in 
solution. Hypothesis must, of course, come in here, because every- 
thing about the molecular state is hypothetical, and rests on the 
hypothetical assumption of a discrete arrangement of matter in space. 
The choice met with in esUiblishing a suitiible hypothesis is not often 
more easily made, however, than in this case. 

The knowledge that dissolved substances follow the laws of gases 
loads by analogy to the conclusion that the molecular state of a*dissolved 
substance is like that of a gas ; or in other words, that Avogadro’s law 
applies to the former. Thus we arrive at the following hypothesis : — 

Is-osmotic solutums contain the same number of molecules of dissolved 
substance in a given volume, at a given temperature, and the number is the 
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same as in an eqml volume of a perfect gas at the same tent-pe7\iture and 
pressure (van ’t Hoff). 


Osmotic Pressure and Hydro-diffusion. — lleference has already 
been made to the well-known phenomenon that substances in solution, 
when loft to themselves, wander from places of a higher to those of 
a lower concentration, and this leads to the conclusion that external 
work can be developed by diluting a solution. The osmotic pressure, 
which we have come to regard as a most convenient help in calculation 
to express the value of this work numerically, must also be regarded 
as exerting a great influence in the phenomenon just dcscriliod ; this 
is generally known as “ hydro-diffusion^^' or simply as “ diffusion ” ; it 
plays a very important role in many processes of sub organic structures 
in nature, but especially in plant and animal oiganisms. 

This was hrsb discovered in its general signification by Pari-ot 
(1815), but Graham^ first made it the object of a thorough investiga- 
tion which was mainly confined to aqueous solutions. It was shown 
that the coefficient of diffusion varies with the nature of the su))stiince 
dissolved, and in all cases increases strongly with increasing temperature. 
Later investigations showed that a simple law may bo formulated for 
the process of diffusion, which is completely analogous to that advanced 
by Fourier for the conduction of heat. This stivtes that the mechanical 
force which drives the dissolved substances from places of higher to 
those of a lower temperature, and, therefore, also the velocity with 
which the dissolved substance wanders in the solvent, is projwrtional 
to the concentration gradient It is this fundamentid law which makes 
possible a complete mathematical description of the process of diffusion, 
as was first suspected by Berthollet,*^ but later and independently 
restated by Fick,^ who subjected it to a thorough theoretical and 
experimental proof. In the sense of the preceding law, the quantity 
of salt dS, which passes in the time dz, through the cross-section cj of 
a diffusion cylinder, when c is the concentration of the whole cross- 
section at the point x, and c + dc at the point x + dx, is given by the 


equation : 


dS= 


D denotes a constant peculiar to the particular substance dissolved, and 
called the diffusion coefficient" Fick^s law has nothing to s^iy con- 
cerning the nature of the mechanical force. Moreover, later and 
thorough investigations of this have led to the result that it can claim 
to hold good only approximately, since the coefficient of diffusion in 
general varies more or less with the concentration. 

The author^ has sought to develop the theory of the phenomena of 

1 Lieh. Ann. 77. 56 and 129 (1861) ; 80. 197 (1861). 

- Kssai de stafir/ne chiniique. Pari«, 1883. Pnrt 1. clinp. iv. 

» Ann. 04 . 69 (1866). 

^ Nenist, Ztiitekr. phys, Chem. 2 . 61.3 (1888). 
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diffusion, on the basis of the modern theory of solution. Thus, for 
example, we will consider the diffusion of cane sugar in water : if we 
pour a layer of pure water over a solution of cane sugar, the dissolved 
sugar at once begins to pass from points of higher to those of lower 
concentration, and this process does not cease till the differences of 
concentration are completely equalised. This obviously concerns the 
action of the same expansive force which we have learned to call 
the osmotic pressure ; the ])roce8s is completely analogous to the 
equalisation of differences in density, developed by any cause what- 
ever, in gases ; and, moreover, under corresponding conditions the active 
forces are of the same magnitude. But, on the other hand, equalisa- 
tion of density comes about very quickly in gases, while the substances 
dissolved in a liquid move very slowly. The reason for this is to be fmml 
in the fact that gas molecules in their movement meet with, only very slight 
resistant friction^ which^ however ^ in the case of liquids is enminous. 

The efficiency of the law of Fick is shown by the fact, that the 
driving force occasioned by differences of pressurey is proportional to the 
steepness of the concentration gradient. But since we can calculate the 
absolute value of the force from the law of osmotic pressure, and since 
wo can measure directly the velocity of diffusion, it is possible to 
calculate on the absolute scale the resistant friction experienced by the 
dissolved substance in its movement through the solvent By carrying 
out the corresponding calculation (see Book IL Chapter VII.) for the 
resistant friction K, we obtain the formula 

1 *99 

K= X 10»(1 +0-00367t); 

whore D denotes the coefficient of diffusion measured for the tempera- 
ture t. Thus, for example, K for cane sugar at 9°, where D - 0*312, 
is calculated to be 6*7 x 10’^ kg. in weight ; i.e.it requires this enormous 
force to drive 1 mol of cane sugar (- 342 g.) through the solvent 
(water) with a velocity of 1 cm. per second : this enormous value 
finds its explanation in the smallness of the molecxdes.^ 

Osmosis by Isothermal Distillation 

A very interesting experiment made by Magnus (1827) has recently 
been brought into notice again by Askenasy,^ who carried it out in the 
following form. A glass tube is widened to a funnel at one end and 
closed there by a layer of gypsum ; it is filled full of water and placed 
with the gypsum plate uppermost and its lower end dipping in a dish 
of mercury. The water used may conveniently be saturated with 
gypsum to avoid solution of the plate. The water evaporates slowly 

* The law of diffusion, according to which ^he velocity (not the acceleration) is 
proportional to the force, is explained by the great resistance enoonutered by the 
molecules in their motion through the solvent. 

E. Askenasy, “ Beitriige znr Krkliming des Saftsteigens,” Verhandl. des natvrh. med. 
Verdm zu Ueiddbergy 6 . (1896). 
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through the layer of gypsum — the process can be hastened by leading 
dry air over the plate. As the evaporation proceeds the mercury rises 
in the tube and may roach a height considerably exceeding that of the 
barometer at the time. 

In a recorded experiment the mercury rose in fifteen hours to 
89*3 cms., the barometer being at 75*3; it then touched the gypsum 
layer and so closed the experiment. The diameter of the tube was 
3*3 mm. and evaporation took place in free air. 

Usually the end of the experiment was caused by 
formation of an air bubble under the gypsum, 
which consequently dried ; then the mercury * 
gradually fell again. 

Equilibrium was apparently not reached in 
these experiments : a simple thermodynamic argu- 
ment will show w'hat the equilibrium should be. 

Clearly evaporation will go on till it is stopped 
by the tension of the mercury column, and the 
tension will be greater the drier the air over the 
gypsum layer. 

For definiteness consider the following armngc- 
ment (Fig. 16) : — At a is a thin layer of pure water, 
under it mercury, over it a thin partition which has 
the property of being impermeable for gaseous, 
but permeable for liquid water. This property is possessed by 
Askenasy’s moist gypsum, through the pores of which water passes 
easily, though it is air-tight even for moderately high pressures.^ 
Let the pressure above the gypsum be p', which may be that of a 
solution bb; the vapour pressure of the pure solvent being p. To 
determine equilibrium apply the law (p. 28), that at constant tempera- 
ture variations in the neighbourhood of equilibrium must be reversible. 
If dx mols of water are distilled from the funnel to the solution. 



the system loses free energy to the extent dx KT In ; at the same time 
mercury is raised through the height 11 and so free (potential) energy 
stored uj) to the extent dx, where g is the acceleration of 


IS 


gravity, M the molecular weight of the solvent, S its density, and tr that 

of mercury, so that dx is the mas:s of mercury lifted. Since the 

process is reversible, ie. involves no loss in power to do work of the 
system (free energy), these quantities of work must be equal, or 

dxRTlnP 

p s 


' The same property would be poHsessed by any solhl partition that ean iii«8olv( 
water. 
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or the pressure P of the mercury column is 

r^H,.g=®UTluP, 

in other words, it is simply ecjual to the osmotic pressure oi the solution 

in bb (p. 1‘17).^ u • u • • 

(/Onversely, measurements of the rise in the tube which, it is seen, 

is quite large — would be a means of determining osmotic pressure, or 
lowering of vapour pressure. 

OsmoticPressureinMixture — If for 1 mol of dissolved substance 
there are u mols of a simple solvent, then according to p. 147 we have 

^ -- In or 1 ^ r In J „ . . • (1) 

1/ p p 

where p is the vapour pressure of the solvent, p' that of the solution. 

If a substance occurs in a mixture of several solvents, a formula 
may bo found on the very reasonable assumption that the osmotic 
{)ro.ssure of a substance (in normal molecular state) being independent 
of th (5 solvent, follows the gaseous laws in mixed solvents also. It 
may lie shown thermodynamically that if there be Vp i \2 niols of the 
solvents containing 1 mol of dissolved substances, p^ p^ their vapour 
pressures, p^^, p '^2 same after addition of the dissolved substance, “ 

1 = iq In -S + Vg In ^, . . . . . (2) 

Pi P2 

Formula (2), which is a generalisation of the Kaoult-van ’t HofF 
formula (1), was satisfactorily verified by Koloff,® so one may conclude 
that the osmotic pressure follows the gas laws in mixtures also. 

It is iiiU^resting tu note that UolofV found sonic of the terms in the 
summand (2) may be negative. Thus when KCl is dissolved in a mixture 
of water and acetic acid the vapour pre.ssure of the acid is raised ; > p.,, 

and e-onseipiently the corresponding logarithm is negative. 

The above eipiation (2) simply assumes that the osmotic inmsiire in a 
mixture of two solvents is the sjime as in a single solvent ; it is quite in- 
dependimt of the nature of the semi-permeable membrane, a fact quite 
overlooked by Jfikowkin in his unreasoning criticism of this equation 
{Zeitschr. pkysik Chem. 67 . 311, 1909). There is nothing to prevent the 
assumption of a memlirane completely permeable by both solvents, so that 
an osmotic piston would drive the solvent mixture out of the so dilute 
solution in the same proportions as it exists in the solution. 

The aasunqition that osmotic pressure is the same in a mixture of 
solvents as in a pure solvent is also supported by the fact that associated 
solvents which consist of a mixture of molecules of different size are particu- 
larly reliable for determination of molecular weights. W. Herz and Kurzer 
{Zeitschr. /. EleUrochemicy 16 , 240 and 869, 1910) gave further support to 

^ An eleiaeiitary proof analogous to that of p. 135 flf. is given by Reingaiuini, Wied. 
.lioi. 59. 764 (1896). 

® Nernst, Zeitschr. phys. Chem. 11. 1 (1893). ’’ Ibid. 17. 
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this theory by finding that the partition law (p. 151) waa also true for 
mixtures of solvents, and also that gases dissolve in such mixtures in pro- 
portion to the pressure (p. 150). 

Eipiation (2) is therefore without doubt strictly ai>plicable to dilute 
solutions. 

General Remarks on the Theory of Osmotic Pressure.— It 

is remarkable, and, I may say, inexplicable, how often we find the 
stfitement in modern literature that osmotic pressure is only of 
secondary importance for the theory of solutions. 

It is of course admitted that the laws of lowering vapour pressure, 
freezing-point, etc., and in fact all questions of physical and chemical 
equilihium^ may be treated tbei*modynamically without the introduc- 
tion of osmotic pressure. Whether the thermodynamic method is as 
clear and convincing as van ’t Hoffs treatment is another question ; in 
this connection the strength of the generalisation of Avogadro^s rule by 
the analogy between gaseous a!id osmotic pressure may well be pointed 
out. But when it comes to explaining hydro-diffusion, an essentially 
dynamic phenomenon, the theory of osmotic })ressui*e is indispensable ; 
and as, when a doubt exists, we should always choose as our theoretical 
basis that conception which allows the most complete and extensive treat- 
menty so every rational general theory of dilute solutions should, in my 
opinion, start from the conception of osmotic pressure. 

Osmotic Pressure at High Concentrations. — The osmotic 
pressure reaches considerable amounts even for moderate concentra- 
tions ; in a solution of 1 mol {e,g, 46 grams of alcoliol) in a litre it is 
22*4 atmospheres at the freezing-point, according to the laws of gases 
(p. 41). As there is no prospect of making senii-pcimeahle partitions 
capable of standing this or higher pressures, wc arc driven to indirect 
means of measurement for the osmotic pressure of concentrated 
solutions.^ 

The calculation of this quantity gives the work needed to separate 
the two components of the mixture — as a concentrated solution may he 
called~a problem already considered in a general way on p. 1 1 3. The 
following calculations form therefore a special application of the prin- 
ciples developed there, but with the aid of the experience we have gained 
in the consideration of a special class of mixtures, viz. dilute solutions. 

It was found on p. 137, equation (4), by means of isothermal 
distillation, that c „ 

P-Sl/TInP, 

or 

p^o ^ JJT 1 „ P 

s p 

1 Berkeley and Hartley, Phil. Trans. 206. 481 (1900), have, however, micceeded 
in preparing seini-penneabie inenibranes capable of standiiig i»ressnre.s of over 100 atmo- 
spheres. — T r. 
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in the latter form the left-hand side stands for the osmotic work, the 
right-hand that done in isothermal distillation ; equality of the two 
follows, in all cases, from the second law as expressed in equation 
(c) of p. 19. 

Now the expression /or tiie work in isothernuil distillation holds 
good for any range, of concentration, provided only the vapour of the 
solvent follows the laws of gases and the difference between the 
specific volumes of the solution and solvent can be neglected in com- 
parison with that of the saturated vapour. The latter condition is 
practically always satisfied, and if the former is not, a correction can 
easily be applied to the calculation if the characteristic equation ot 
the vapour is known. 

The osmotic work, on the other hand, is also equal to the osmotic 
pressure multiplied by the volume through which the semi-permeable 
piston must be lowered to press out 1 mol of solvent for solutions of 
any concentration ; this volume, however, is not necessarily equal to 
that of the expelled solvent, as is the case in dilute solutions. That 
is only the case when on adding a small amount of solvent to the 
mixture the volume of the latter is increased by the volume of the 
solvent added, Le, if the mixture occurs without contraction or 
expansion. Still this assumption is usually permissible even for 
strong solutions. 

E.(f. if 2 grams of water are added to 100 g. of a 50 per cent sugar 
50 

solution we get a = 49*02 per cent solution ; the density of the 

former at 17'5” is 1*2320 S, of the latter 1*2275 8 where 8 is the density 
of water at the same temperature. The change of volume is therefore 

100-4-2 100 1*987 

1*2275 8 “ 1*2329 8 ^ » 

2 

whilst g is what it would be if there were no contraction. Calculation of 
a number of such cases shows that equation (3), p. 136, 

dv = ^®dx, 

may he applied even to 20 to 30 per cent solutions with an error of less 
than 1 per cent. Moreover, the circumstance that a compiessed solution 
(inside the osmotic cell) is mixed with an uncompressed solvent, matters 
little, for the compressibility of liquids is always minute. In what 
follows wo shall, to avoid compliwition, assume the liquid to be incom- 
pressible, though that is of course not the case. 

If II be the osmotic work for a solution of any concentration, we 
have 

M 

n-Pg(i + c) . 


( 1 ) 
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in which e is the relative increase in volume due to mixture of a mol 
of solvent with a large quantity of solution (under pressure P) — con- 
sequently a mostly negligible amount. Further 

n = RTln’' .... (2) 

P 

with the restrictions already mentioned, which are of no practical 
conse(iuence. 

According to the second law (equation e, p. 23) 

n-q = T^” .... (:i) 

in which q is the heat evolved on adding a mol of solvent to a large 
quantity of solution. From (2) and (3) follows the relation already 
given on p. 115, 

SliiP 

q=-RT*g/. ... (4) 

The raeaninar of q as has been referred to. If q - 0, In ** is 

^ ^ dx * p 

independent of T, so that according to (2) II is proportional to T oven 
for concentrated solutions. 

The osmotic work may also be calculated from the freezing-point of* 
strong solutions without much dithcult.y. 

To inlegrate equation 8, j). 140, more e.xactly, we ]>ut, according to 

p. 62, 

.... (5) 

and the heat of sublimation 

(r==o-o-(C,-C„)T .... (6) 

whore C,, C., are the mol ciilar heats of the liquhl and solid solvent. The. 
integrals hecome (p. 62) 

In p= - + ... (7) 


lni.'= + . . . (8) 

To determine the integration constants Kj, we have fp. 140) tlnit at T^ 

P'==P==1V 

and therefore 


^0 - “l^P In T -4- T 

RT„ R • 


^0 _ 1,, T 4. K 

RT,3 R 


( 10 ) 
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(7) - (8) ^(9) 4- (10) gives 


hi 


V 

V 



If we jmt t = T,, - T Jiud develop in series 


In ;^;'-in 



t t*-^ 

T"2r^‘*'3T3' 


( 11 ) 


reUiiiiing only three terms, (11) Ixicomes 

_ t r.r„ - A„ + (Oj - (.-,)T„ c, - 0, t c, - c, tn 

" iiL T,;r 2 '1’=* 3 'pj' ' 

Now 

\ (^1 "* 0 ~ Pi 


where p is the heat of fusion at the melting-point of the solution ; 
(12) lHT,omes 


P_tr t 0 ,-c, tn 

!•' iC'l'd'*’ 2 P 3 P J 


hence 

(13) 


and the osmotic work at ti'iniHiratiirc T, the frei^ziiig-point of the solution is 


I£=HTln 


1' Lt„ 


■ t ( 1 , - t« 

1 "t'^ 3 


'pj 


(14) 


If W(i recpiire the osmotic work, not at the variahle freezing-point of 
the solution, hut always at the wsame temperature, say tlie freezing-point of 
the pure solvent we must integrate ecpiation (4) and get 


i!!ii + • • • • (^®) 

p UT 


for as we are only concerned with a small correction, ([ may he regarded as 
constant with sutticient accuracy. 

Then lor T,, (15) hecomes 



4 

UT„ 


-I- <’onst . 


(13) - (15)-f (16) gives 

^ ^ T 4. ^'1 “ i"! • 

p'/r, kLt;T 2 3 


(16) 


and the osmotic work at temperature T„ 


lln-RT, 


/inl’.^ =t[ 

>-q o,-c,T„t. Ci~ 

c,T„tn 


_ T 2 P ' 3 

p J’ 


(17) 


This formula was obtained hy Dieterici {iried. Ann. 52. 263, 1894), who 
also showed hy examples that (2) and (17) give values for the osmotic work 
in siitisfactory agreement. The formula was also given independently by 
Th. Ewan {Zeitm'hr. phys. Cheni. 14 . 409, 1894), who in integrating (4) paid 
at tention to the variation of q with temperature ; the correction term thus 
obtained, however — involving the s]>ecific heats of solution and solvent — is 
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almost always negligible. To show the usefulness of equation (17) we will 
take the case of some potassium chloride solutions, whose vapour pressures 
(Dieterici, W’ied, Ann, 42. 513, 1891 ; 50. 47, 1893) and freezing-points 
(Roloflf, Zeitschr, phys, Ghem, 18. 572, 1895) have been accurately measured. 
In the following table m signifies the number of grams to 100 grams solvent, 
t the lowering of freezing-point, q the heat of dilution, p' the vapour 
pressure of the solution at O'* ; p that of pure water at the same temperature 
is 4*620 ram. : — 






ilo. 

m. 

t. 

K- 

P'. 







calr.]. 

caic.o. 

0 

0 

0 

4*620 



3*72 1 

1 *667 ! 

-1*63 

4*546 

8*80 

8-72 

7*45 I 

1 3*284 1 

-5-96 

4*472 

17*55 

17*62 

14*90 

6*53 i 

-19*6 

4*326 

35*18 

35*60 

22-35 1 

1 9*69 ; 

1 

-34*3 

4*190 

52*64 

52*96 


Under calc.^ are given the values derived from equation (17), assuming 
that 

T(, = 273 p = 18 X 80*3 = 1445 Uj - = 18 x 0*476 = 8*55. 

Under calc .2 are the values derived from equation (2) assuming that 

R= 1*985. 

In both wises wc obtain the osmotic work in ordinary calories ; the agree- 
ment is very satisfactory. 


Ideal OonceEtrated Solutions. — It is natural to compare the 
change in total with that in free energy, or in other words, the heat 
of reaction with the osmotic work, in concentrated solutions. 

If a mol of water be taken from a solution I, to II., then the heat 
evolved is 


/^Q(n)\ _ A^Q(«)\ 

\ 0n \ / n-ni 


( 1 ) 


if there are mols of water to one of salt in solution I. and iig in II. 
The osmotic work according to eciuation (2), p. 159, is 


n = RTln^' . .. . . • (2) 

P2 

where p^ and pg are the vapour pressures of the two solutions. 

Comparison shows that there are concentrated solutioiis for which 
these two quantities dilfer very little from each other, and as we shall 
see that such solutions have in many ways a remarkably simple 
behaviour, it is convenient to describe them as “ideal concentrated 
solutions.** ^ 

1 W. NernMt, Wied, Ann. 63. 57 (1894). 

M 
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For example, take solutions of sulphuric acid containing respectively 
29*2 mols and 4*76 mols of HgO for one of H^SO^. The heat of 
dilution can be found from the equation of p. 111. 

, 17,860n aQ(n)_ 32,150 

n+l*8’ dn \ 

Hence for ( 1 ) we got 

747*0 -33*5 = 713*5 cal 

and from (2) 

11 - 1-985 X 273 In = 688-5 ciil. 

1 *2Ub 


taking the vapour pressures (at 0°) as p, = 4 284, p^- 1-200 nm. 
(Dietorici) ; ' the results agree within the limits of error of measure- 
ment. 

In the following table the same cfilculation is made for a number 
of solutions : — 


n. 

p. 

1252 logio 






011 * 

V 0n /u = no V 

00 

4*020 

10*1 

0 

3*96 

01*6 

4*53a5 

31*0 

3*96 

29*5 

29*2 

4*284 

85*2 

33*48 

85*1 

14*06 

3*664 

117*6 

118*6 

116*9 

9*93 

2*952 

307*1 

235*5 

.•i08*5 

5*89 

1*679 

180*6 

544*0 

202*0 

4*76 

1*206 

1080*0 

746*0 

1082*0 

2*40 

0*164 


1828*0 



In the third column is the osmotic work, in the last tho eorre- 
sponding development of heat, both quantities relating to the pair of 
solutions between which they are placed. The comp»rison shows 
that for n = 91-6 even the region of ideal concentrated solutions is 

reached ; the agreement between that point and n = 2-40 is striking 

tho deviations are so irregular that they are probably duo for the 
greater part to error of measurement.^ 

Just as in ideal dilute solutions the lowering of vapour pressure 
and change of boiling- and freezing points can be calculated from the 
osmotic pressure, and consequently also from the rise in boiling-point 
or fall in freezing-point, so here in ideal concentrated solutions the same 
things can be deduced from the heat of dilution. The relations are 
simple in both limiting cases; because in the fundamental equation 


A -U = T 


,dA 

dT 


> IVfcrf. Ann. 60 . 47 (1893). 

Tliu new nanibers of Dieterici agi-ee a good deal better than the earlier ones of 
Reguault used in luy origiual paper. 
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one of the terms vanishes — in ideal dilute solutions U, in ideal con- 
centrated solutions (See also p. 35.) 

If now the identical equations 


are to hold not merely at a singular point, but over a considerable 
range of temperature, we, must also have 



Le, the heat of dilution of an ideal concentrated solution is inde- 
pendent of temperature. 


Thus 

H3S0^ . 4H2O + 5H,0 = USO ^ . 9H3O 
gives 2669 cal. ; the thermal cai^city l)cfore mixture is accoidiug to 
Thomsen 

H.,S04 + 4H,0 .... 92*7 

5llp . “ 90 


182-7 cal. 

and after 

1820 cal. 

The diftercnce (0*7 cal.) is according to p. 9 the change of heat of dilu- 
tion per degree of teiiipemture ; so the heat of dilution 2660 cals, varies 
only 3 parts in 1000 per degree. 

In my opinion the most important conclusion to be drawti 
from these considerations is that Case I. of the natural processes 
classified on p. 35, appears to be realised. This is the simplest case 
imaginable, and hence we may say that a certain class of concentrated 
solutions behave actually more simply than gases or ideal dilute 
solutions. In searching for other cases of an equally simple nature, I 
was led to propound a new theory of Thermodynamics (see Book IV.). 

It is naturally quite wrong to conclude from the above considera- 
tions that every mixture must behave within a certain range like an 
ideal concentrated solution. I cannot understand how Bronsted ^ 
could have drawn such a conclusion, which certainly did not follow 
from my own deductions. This author makes in the same paper the 
characteristic fundamental error of comparing directly together the 

expressions RTln^'y*^ and (see Table, p. 162) in his test of 

the theory under discussion, and thus, without realising it, brings in 

> Bronsted, ZeUscfir, phys. Chem. 68. 693 <1910). Sec further, Riiinelin, ibid. 
68. 449 (1907). 
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the range of infinitely dilute solutions into his calculations. A critical 
discussion of the recent measurements of Bronsted would be advisable. 

According to measurements made up to the present, which how- 
ever are still very few in number, those solutions with consid&rahle 
heat of dilution J)ehave as ideal concentrated solutions. 

Calculations similar to those we have just carried out for the 
isothermal distillation of one comimncnt (HgO), can of course also be 
carried out for the second component (HgHO^). According to the 
above considerations the vapour pressure of the water must decrease 
more rapidly with increase of concentration the greater is the heat of 
dilution. This is confirmed by many examples. Even if the forces 
of attraction are not the principal forces controlling the process of 
mixture, yet the work yielded by them plays a considerable part, 
besides the kinetic energy. 

Solid Solutions. — We have already seen (p. 117) that solid 
mixtures, which are not merely mechanically formed, but result from 
mutual molecular interpenetration of the components, can be compared 
with liquid mixtures in many respects. The supposition is thus at 
once forced upon us, that the behaviour of a solid mixture, like that 
of a liquid mixture, would be very simple in the case where one of 
its components is present in great excess, Lt. where we are considering 
a “ dilute solid solution.^' 

Experiment shows that this supposition is fulfilled ; at least van T 
Hoff^ has endeavoured to show that we may venture to speak of the 
osmotic j^essure of substances existing in solid solution^ which is analogous 
to that of the liquid solution, and obeys the same laws. 

To be sure there is no opportunity of measuring this directly by 
means of a serai-pormeable partition, since the chance of its realisation 
in a solid system is practically impossible ; but it is to be hoped that 
wo may obtain moasuremeuta of these remarkable pressures by in- 
direct methods. Indeed, the property of substances dissolved in 
solidified systems, of sp'eading through the solid by diffusum^ certainly 
si>eaks clearly in favour of the existence of an inherent expansive 
force, which can be regarded as comparable to the osmotic pressure. 

Various facts point to diffusion in solids. Hydrogen dissolved in 
platinum and palladium gradually spreads through the whole metal, 
as has long been known. A very clear case of this was observed by 
Bollati and Lussana,® who showed in many ways that nascent hydrogen 
is capable of penetrating iron comparatively easily at ordinary 
temperatures. E,g, a barometer was closed at the top by an iron 
plate, and by cementing a glass ring on this, an electrolytic cell was 
made in which hydrogen was generated at the iron plate ; the mercury 
at once foil by diffusion of the hydrogen through the plate into the 
^ Zeitst'hr, phys. C%m. 6. 322 (1890). 

- AtUILlst, VeH«<o[73, 1.1173(1890); ab8traot.2rei^«cAr.^%jr.Cilim. 7. 229(1891) 
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barometric vacuum. Carbon finds its way into hot iron, and can even 
pass through a porcelain crucible. Further, Roberts- Austen ^ observed 
that gold diffuses through lead at 251"^ (75° below the melting-point 
of the latter), and even to a perceptible extent at atmospheric 
temperature in the course of a few years. According to experiments 
by Spring (1886), solid barium sulphate and sodium carbonate react 
to the extent of reaching a state of equilibrium, which appeam bardlj; 
possible without molecular interpenetration. 

Again the fact that many substances conduct electrolyticallj^ 
indicates the possibility of diffusion in solids, for, as we shall see later, 
ionic transport and diffusion are intimately connected. 

It must, however, be remarked that there are other cases that do 
not show the slightest trace of diffusion in the solid state. Thus in 
petrography sharply bounded portions are sometimes found in a 
homogeneous crystal that show different colouring from the rest ; here 
no appreciable equalisation by diffusion has biken place in thousands 
of years, although the colouring matter must be regarded as in a state 
of solid solution. If osmotic pressure can be assumed in such cases 
the dissolved molecules must encounter quite extraordinary resistance 
to displacement in their solvent, or, as is perhaps more probable, they 
are kept in their positions by forces of attraction comparable to 
chemical valencies. 

When a liquid solution is brought to its freezing-point, the solvent 
separates as a rule in the pure state, as is well known ; the liaoult- 
van ’t Hoff formulae hold good for this case. But in some cases there 
are observed considerably smaller lowerings of the freezing-point, than 
those calculated from the molecular proportions of the dissolved sub- 
stance, according to the preceding formulae ; usually this is explained 
by polymerisation of the dissolved substance. But there are cases 
in which such an explanation is highly improbable or even quite 
inadmissible, and then it appears that a mixture of solid solvent and 
dissolved substances crystallises out in place of the pure solvent — the 
hypothesis originally put forward by van ’t Hoff (l.c,). 

It is easy to see that in such cases the lowering of the freezing- 
point must bo too small. According to the considerations of p. 1 20 
the freezing-point of a mixture must sink continuously, only becoming 
constant when the part crystallising out has the same composition as 
that remaining liquid. Thus if the solid separating out contains 
more of the dissolved substances than the residual liquid the latter is 
diluted by freezing, ie. the freezing-point must, in this case, rise with 
increasing concentration ; if, on the other hand, the frozen-out solid 
is less rich in the dissolved material than the residual liquid, the 
freezing-point must fall with increase of concentration ; but clearly 
not so fast as when the pure solvent crystallises out, ie. the lowering 
of freezing-point is lessened. 

^ Proc. Roy* Soe. I^md. 67 * 101 (1900), 
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If, after van’t Hoff, we apply the notion of osmotic pressure to solid 
solutions, the vapour pressiu’C of the solid solvent must he reduced by the 
taking up of dissolved suljstance. If the vapour pressures of solid and liquid 
solvent are lowered to the same extent by the addition of dissolved substance 
the freezing-point must obviously remain unaltered, since this point is 
characterised by equality of vapour pressure in the two states of aggregation. 
The freezing-point must rise if the vapour j^ressure of the solid is more 
affected than that of the liquid, fall in the contrary case. These relations 
can Ixj easily followed by means of Fig. 15, p. 139, if the vapour pressure 
of the solid solution 1)<^ introduced by a line lying below and parallel to the 
curve of vapour pressure of the pure solid solvent. 

It is found in fact that some abnormally small freezing-point 
depressions are produced by co-crystallisation of dissolved material. 
Tims, according to van Bijlert,^ a solid solution freezes out of solutions 
of thiophene in benzene ; its composition is, according to Beckmann,^ 
practically 0*42 times the concentration in the liquid, whatever the 
strength of the solution ; there is thus a constant ratio of partition of 
thiophene between the liquid and solid solvent. Solution of antimony 
in tin and /i-naphthol in naphthalene raises the melting-point, and van 
Bijlert found that the crystals contain a larger percentage of the 
dissolved substance than the liquid, in accordance with the above 
theory. Beckmann and Stock‘d found that iodine, which gives 
abnormally small depressions in benzene, is shared between solid and 
liquid solvent in an approximately constant ratio, like thiophene. 
Ferrantini and Garelli^ have made extensive investigations on co- 
crystallisation of dissolved substances, especially of cyclic - organic 
compounds ; see further the work of Bruni ^ and his pupils. 

Observations made up to the present, though rather disconnected, 
appear to show that the osmotic pressure of dilute solid solutions 
can also be calculated according to the gas laws (see also Book II. 
Chapter III. paragraph “Molecular weight of solid substances’^). 

It should be added that Kiister {Zeitschr. phys. Ghem. 17. 367, 1895) 
maintains the very reasonable view that a distinction should be made 
between solid solutions and isomorphous mixtures. Only in the former is 
di (fusion of a dissolved substance possible, according to tliis view, while in 
th(^ latter the molecules of the added material form part of the crystalline 
structure and are held in fixed positions of equilibrium by the forces that 
]>roducc orientation of the crystal molecules. Again an opinion of Bodliinder 
should be, noted, that in the formation of solid solutions, e.g. separation of 
iodine with crystallising benzene, absorption phenomena play an important 
part (see for this and the theory of solid solutions generally, Bodliinder, 
Neues Jahrbuch fur Mineralogie, Beilage-Band, 12. 25, 1898). 

1 Zeitschr, phys, Ghem. 8, 343 (1891). 2 22. 609 (1897). 

» Ibid, 17 . 107 (1896). 

^ Zeitschr, phys, Ghem, 13 . 7 (1894), coiiinumicated by Ciamician ; see also Garelli, 
Gazz, chim, 23 . 364 ; 24 . 229 (1894). 

® Published in the recent volumes of Oazz, chm . 
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CHAPTER I 

ATOMIC THKORY 

Combining Weight and Atomic Weight. — The question whether 
a well-defined chemical substance is an element or a compound of 
several different elements, and in the latter case to what extent each 
element is contained in unit weight of the substance, is a purely 
experimental problem, which can be answered in any given case with 
great certainty and exactness by means of analytical chemical methods, 
without recourse to theoretical speculation. The elementary analysis 
of a compound is one of the commonest operations of a chemical 
laboratory, and a description of the purely chemical methods of such 
an investigation does not lie in the province of this treatise. 

The question as to tlie relative number of atoms in the molecule 
of a compound is, however, entirely diflerent. To answer this ques- 
tion, besides knowing the’ combining weights, which may be obtained 
directly from experiment, we must also know the relative weights of the 
atoms which make up the compound considered : this can be learned 
only by the aid of theoretical speculation, and even then not with 
absolute certainty, but only with more or less probability. From the 
principles of the atomic theory stated on p. 31, it follows that the 
atomic weights and the combining weights are related to each other 
in the simple ratios of rational numbers; but the values of these 
numerical ratios remain undetemined. But, if one obtains the same 
results by very different methods, the probability is very great that 
theoretical considerations will lead to safe conclusions. The question 
of the relative weights of the atoms has been established with such 
certainty that its general correctness is at present no longer called in 
question ; it is therefore very instructive to study the different ways 
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wrfch have finally led us, in spite of many errors, the same desired 
result. 

If wo wish to explain empirical facts by an h)^thesis, as here, for 
instance, whore we make use of the atomic hypothesis to throw light 
on the laws of definite and multiple proportions, it should be remem- 
bered that that method of explanation is to be chosen which is the 
simplest. This should only be given up when later discoveries force 
us to adopt more complicated conceptions, Dalton (1808)^ proceeded 
in this way when he arranged the first table of atomic weights.^ In 
the case of those compounds which consist of only two elements, it is 
simplest to assume that the same number of atoms of the two elements 
have united to form the compound, so that e.g. carbon monoxide con- 
tains the same number of atoms of oxygen as of carbon, and that water 
contains the same number of atoms of oxygen as of hydrogen, etc. In 
this way Dalton tried to learn the relative atomic weights of the most 
important elements, and proceeding in the same way, to establish the 
number of atoms in compounds consisting of more than two elements, 
and thus to obtain a consistent system of the atomic weights. 

But this method was by no moans free from arbitrary assumption ; 
for the same logic that regarded carbon monoxide as composed of an 
equal number of atoms of oxygen and c^irbon, would regard carbon 
dioxide as containing twice as many atoms of oxygen as of carbon ; 
and, on the other hand, if Dalton had regarded carbon dioxide as 
containing the same number of atoms of carbon and oxygen, then 
carbonic oxide must contain twice as many atoms of carbon as of 
oxygen. Thus there was an opportunity for choice in selecting the 
atomic weight. That the choice in the preceding case was the right 
one was purely a matter of chance. We need to consult other expen- 
mental facts, and their meaning on the basis of a more extended 
development of the atomic hypothesis, in order to obtain a system of 
the atomic weights free from arbitrariness. 

For an historical judgment of the fruitfulness of atomistic conceptions it 
is of interest to note that Dalton did not invent tlu*. atomic theory as a siib- 
secpient explanation of the laws of constant and multiple proportions, as 
was formerly thought ; on tlie contrary, he was led by considerations of 
molecular theory to the discovery of the fmidameiilal laws of chemistry (gee 
Roecoe and Harden, fhilton^s Atimie Theonj), 

The Rule of Avogadro. — The necessary experimenttil facts were 
found in Gay-Lussac’s law, according to which the volumes of those gases 
which combine with each other stand in simple ratios to each other, 
and also to the volumes of the resulting compounds, if gaseous. The 
theoretical interpretation of this law, in the light of the atomic hypo- 
thesis, was given by the hypothesis of Avogadro (1811), according to 

1 Ostwold’s KlassikeTf No, 8. Leipzig, 1889. 

2 The first table was arranged in 1804. See Thomson, History of Chemistry ^ vol. ii. 
p. 289 .— Tb. 
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which all gases, wl^ther simple or compoimd, contain the same nuiSber 
of molecules in the same unit of space (p. 39). After a method was 
found for determining the relative weight of the molecules by measur- 
ing the vapour densities, it was easily possible, by applying the prin- 
ciple of the simplest explanation, to obtain constant determinations of 
the atomic toeights of all those elements which formed a sufficient 
number of volatile compounds. If the molecules of a compound arc 
really produced by the union of a small number of the atoms of each 
particular element, then it may be safely assumed that among a large 
number of molecules, whose molecular weights can be determined from 
their vapour density, some molecules will occur containing only ove 
atom of the element in question. Thus we arrive at the conclusion 
that the smallest relative quantity of an element which can entei' into the mole- 
cule of a compound^ corresponds to the atomic weight But oven if only a few 
compounds of an element are investigated, and it is found, for example, 
that the quantity of that element present in a mol of the first com- 
pound is a, in the second 3ft, in the third 4a, then there can be hardly 
any doubt that a is the atomic weight of the clement. In practice, as 
other tests are not wanting, a few vapour-pressure measurements suffice, 
and the atomic weight is taken as that weight which, multiplied by 
whole numbers, as small as possible, gives the amount present in each 
molecule. To be sure in this way, strictly speaking, one can aiTivc 
only at the upper limit of the atomic weight ; but with the investiga- 
tion of a large number of compounds, the probability that one is not 
dealing with a multiple of the atomic weight, but with tho desired 
value itself, becomes very great. Thus it was found that a gram 
molecule of the numerous chlorine compounds contained either at least 
35*4 g. of chlorine, or an exact multiple of this, and similarly in the case 
of many other elements. 

After determining the relative atomic weights, the vapour density 
determination of an element shows the number of atoms contained in 
its molecule. The fact that tho molecule was found to consist of one 
atom in the case of only a few elements, i.e, the atomic and mole- 
cular weights are identical with each other, could only give rise to 
passing doubts; tho further development of tho doctrine of valences 
soon showed that similar, as well as dissimilar, atoms can unite firmly 
with each other by means of chemical forces. 

The Law of Dolong and Petit. — Another empirical fact, the 
true theoretical significance of which is still unknown, is the relation 
between tho atomic weight and the specific hefit of an clemcTit in the 
solid state; this was discovered by Dulong and Petit in 1818. The 
product of the atomic weight by the specific heat is called the atomic 
heal\ by this is to be understood the amount of heat expressed in 
g.-cal., which must be added to 1 gram atom of an element in order to 
raise its temperature 1°. The law may then be simply stated thus : 
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Tlie atomic heat of elemetits in tits solid state of aggregation is appronmately 
constant^ and amounts to about 6*4. 

This law is not strictly exact, for some of the elements having 
atomic weights smaller than 35, have atomic heats considerably 
removed from the mean. H. F. Weber in 1875 showed, in the case 
of the most marked exceptions, viz. boron (2*6), carbon (2 to 2*8, 
according to the modification), and silicon (about 4), that the atomic 
heats of these elements increase strongly with increasing temperature, 
and approach the values necessitated by the Dulong- Petit law.^ 
Beryllium, which is also an exception (its atomic heat being 3*71), 
shows a fairly strong increase of the atomic heat with rising tempera- 
ture according to the measurements of Nilson and Pettersson (1880). 

Accordingly, by measuring the specific heat of a new element, we 
have a simple and a perfectly sure method for the determination of its 
atomic weight, provided that special attention is given to certain 
points ; firstly,- the specific heat must be measured at different 
temperatures in order to make sure that it does not vary too much 
with the temperature ; secondly, the determination must not be made 
too close to the melting-point ; and, finally, the atomic weight of the 
clement in question must not be too small. 

Thus recently an investigation of the specific heat of the element 
germanium, discovered by Winkler, gave the atomic heat of 5*6, which 
speaks in favour of the atomic weight 72*5l assumed for the element. 

It is very remai’kable, and also of great assistance in determining 
the atomic weight, that the constancy of the atomic heat also holds good 
for compounds existing in the solid state. By means of the painstaking 
work of F. Neumann (1831), of liegnault (1840), and especially of 
Kopp,^ the existence of extensive regularities has been fii-mly 
established. According to these, the specific heat of solid substances 
is a pronounced additive pvperty (p. 103) ; the molecular heat of a solid 
comptmnd (i.c. the product of the specific heat and the molecular weight) is 
etpial to the sum of the atomic heats of the elements contained. 

The atomic heats have the following values : for C, 1*8; H, 2 *3 ; 
B, 2*7 ; Bo, 3*7 ; Si, 3*8 ; 0, 4*0; P, 5*4 ; S, 5*4 ; Ge, 5*5 ; and for 
the other elements approximately 6*4. 

Thus, for example, the specific heat of solid water, i.c, ice, amounts 
to 0*474, and the molecular heat therefore is 18 x 0*471: ~ 8*5 ; while 
the molecular heat calculated from the figures given above for the 
formula ITgO, is 

2T^ + 4 = 8*6. 

The specific heat of calcium carbonate, CaCOg, is 0*203, eprrespond- 

* Moisson and Gautior confirmed this result for boron (Ann, chim. rihvs, fTl 7. 
568, 1896). 

*•* Nilson and PettersHoii, Zeitschr, phi/s, Chm. 1 . 34 (1878). 

Lieb, Ann, Supplement, 3. 1 and 289 (1864). 
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ing to a molecular heat of 20*4, while that calculated according to 
Kopp’s law is 

6-4 + 1*8 + 3~x 4-20*2. 


Conversely, if the specific heat is calculated from this value by 
dividing by the molecular weight, 0*201 is obtained instead of 0*203 ; 
and similar coincidences are found in hundreds of other cases 
investigated, although small errors are sometimes found which exceed 
the errors of observation. 

Thus we find that the atomic heats of the elements, calculated from the 
specific heats of their compounds, coincide with the atomic heats of the elements 
in the free state, in so far as these can be studied in the solid state. It may 
therefore be concluded, with great certjiinty, that chlorine in the solid 
state has the specific heat 


and thus obeys the Dulong-Petit law. Thus, in general, it is pos- 
sible to calculate the atomic heats from the specific heats of solid com- 
pounds. 

Kopp’s law is of value in atomic weight determinations, because 
by it the atomic heat of elements can bo deduced from the specific 
heat of their solid compounds. 


It will be useful to illustrate this point by an example. Analysis 
of corrosive sublimate shows it to contain 100 gr. mercury to 35 gr. (I gr. 
atom) of chlorine. The specific heat according to Kegnault is 0'0G9. The 
molectilar heat according to possible formida* would be — 


Molecular Weight. | 

Molecular Heat ObservatioiiH. 

Calc. 

HgCl =100+ 35 

135x0*069= 9-3 

12*8 

HgCl.,=200+ 70 

•270x0*069= 18-6 

19-2 

HgCl,=300 + 105 

405x0 *069 = 28-0 

! 

25*6 


Only the triatomic formula HgCl., gives a molecular heat (according to 
Kopp’s law) in accordance with the facts; the atomic weight of mercury 
must therefore be 200. Such a calculation does not give any information as 
to molecular weight, for if the foriuuhe were (HgCl.,)„ both observed and 
calculated molecular heats woidd be n times as great, and the agreement 
would still hold. 


The theoretical explanation of Dulong and Petit^s rule has long 
been the object of research ; the existence of such marked exceptions 
as carbon has always presented great difficulties. Only in very recent 
times has the theory developed far enough to place us not only in a 
position to calculate beforehand the range of validity of the nde for 
any element, but also to found very exact determinations of atomic 
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weight upon measurements of the specific heats of solid substances. 
We shall consider these important questions in detail in the following 
cha'pter. 

The specific heat of liquids is obviously of a more complicated 
character, at any rate no simple results have so far been arrived at. 
That of gases, which is sometimes of high importance in atomic 
weight determinations, will be dealt with in the next chapter. 

Isomorphism. — The relation, discovered by Mitscherlich (1820), 
between atomic weight and isomorphism, affords another independent 
way of determining the atomic weight. Taken alone, it is indeed in- 
sufficient, but as an accessory it is of the greatest importance, and has 
repeiitedly furnished practical results. * 

The following are the most important characteristics of iso- 
morphism : — 

1. This term primarily denotes identity of ciystal form, which must 
be shown by complete coincidence of the properties of symmetry, and 
approximate coincidence of geometrical constants. 

2. The property of forming mixed crystals in any selected propor- 
tion, at least within certain limits. 

3. The property of muUid overgrowth ; ue. a crystal of one substance 
(as a nucleus) increases in size in a solution of the other substance. 

Ostwald {Zeitschr. phys, Ghem, 22. 330, 1897) has proposed as a test of 
isomorphism the ability of a crystal to remove supersaturation of a solution 
arid so act as nucleus for its crystallisation. This noteworthy criterion 
seems to lie a combination of 2 and 3 ; but it must only be used with 
caution, since the crystallisation of a supersaturated solution can sometimes 
be started by quite foreign bodies.^ 

There are a great number of analogous isomorphom compounds known 
where different elements are exchanged in proportion to their aiomic weights, 
and thus far no clear example has been fomid where the exchange implies 
any hmimstency of the accepted atomic weights.'^ 

On the other hand we can by no means conclude .that if the substitu- 
tion of one element by another alters the crystal form, the exchange 
has necessarily not taken place in the proportion of their atomic weights. 

The following table contains the isomorphous series of elements, 
according to Arzruni.^ Tl^e elements (or radicals) in a series can 
appear isomorphically in their analogous compounds, often in the 
ratio of their atomic weights (without change of crystalline form, and 

^ See Groth, in die Ohemische Kristal/ogi'uphiCy licipzig, 1904, p. 57. 

It Hhould be noticed that the exclmuge of one element for another occurs not only 
in accor<lance with the ratio of their accepted atomic weights, Imt also the snbstituting 
element must assume the valence of the element substituted ; thus in the thallium alums, 
thallium has the valence of a monad, imitating the monad valence of -K, Na, etc. ; in 
short, it is a thcdlous, not a thallic compound. — T r. 

^ “ Relations between Crystalline Form and Chemical Composition.” Braunschweig, 
1893. In vol, i. of Graham Otto, Lehrbuch d, Chemie, 
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with little change in the geometric constants) ; the elements separated 
by a semicolon show isomorphism only in a few compounds. 
Regularly crystallising compounds are but little suited for showing 
isomorphism even when they have the same habitus. 

Isomorphic Series 

I. (monovalent elements) : K, Rb, Cs, NH^, T 1 ; Na, Li ; Ag. 
Example : — 


TI 2 SO 4 rhombic 

a;b :c=^0-5539:l ;0-7319 


„ 0^)643:1 :0*7310 

Rb 2 S 04 

,, 0-5723 :l:0-7522 

K 2 S 04 

„ 0-5727:1:0-7464 

CS 2 S 04 

,, 0-5805:1:0-7400 

KHS 04 

„ 0-5806:1:0-7489 

NH 4 HS 04 „ 

,, 0*6126:1:0-7436 

Ag 2 S 04 

0-5713:1:1-2382 

Na2S04 ,, 

,, 0-5914:1:1-2492 


II. (divalent) : Be, Zn, Cd, Mg, Mn, Fe, Co, Ni ; Os, Ru, Pd, Pt ; 

Cu; Ca. 

Example : CoPtClg . SHgO, FePtClg . 6H2O, etc. 

III. (divalent) ; Ca, Sr, Ba, Pb. 

Example : CaCOs, SrCO;^, BaCOg, PbCOg. 

IV. (divalent) : Cu, Hg, Pb ; Sn. 

V. (trivalent) : Y, La, Ce, Pr, Nd, Er. 

VI. (trivalent): B; Al, Ti, Cr, Mn, Fe; Ga, In, Tl, V, Co; 

Rh, Ir. 

Example : Ci’gOs, AlgOg, EcgOg, Ti^Os. * 

VII. (tetra valent) : Si, Ti, Ge, Zr, Th ; Sn, Pb, Pd, Pt ; Te, Os. 

Example ; KyPtClg, K2PdCle. 

VIII. (tri and pentavalent) : P, As, Sb, Bi ; V. 

Example : AsgSg, SbaSg, BigSg. 

IX. (pentavalent) ;* Nb, Ta. 

X. (hexavalent) : S, Cr, Se ; Mo, Wo, Mn. 

XL (seventh row of the periodic system) : F ; Cl, Br, I ; Mn. 

The elements C, N, 0 , cannot be classified. 

Usually isomorphism appears the more readily the more complex 
the compound; obviously because, as Kopp ( 1863 ) remarked, the 
dissimilar influence of the element on the crystalline form is over- 
powered by the influence of the remaining components. Thus the 
usual potassium and sodium salts are not isomorphous, but such 
complicated compounds as the alums K2Al2(S04)4 . 24 H^O and 
Na2Al2(S04)4 . 24H29 are. 

Mitscherlich discovered isomorphism from the four following 
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salts crystallising in the tetragonal system, namely, H2KPO4, HgKAsO^, 
H2(NH4)P04, H2(NH4 )As 04, and also from corundum and hematite. 

Some of the best-known series of isomorphous substances are the 
alums ; CaCOg (as aragonite), BaCO^, SrCOg, and PbCOg (ortho- 
rhombic) ; BaS04, SrS04, PbS04 (in the same forms) ; MgS04 . THgO, 
ZnS04 . THgO, NiS04 . THgO (orthorhombic hemihedral). An excellent 
classification has been given by H. Topsoe.^ 

It should also be noticed that elements and radicals may be 
mutually isomorphous, as for instance K and NH4, and also groups of 
elements, of different valencies, but the same total valency, as LiNa 
and AlCa, in albite and anorthite. 

There is no doubt that isomorphism expresses a very remarkable 
law, but on further consideration, and especially on a careful examina- 
tion of the abundant observations ^ made in this“ department, certain 
misgivings arise. 

The condition of “ approximate coincidence ” of geometrical con- 
stants at once gives rise to the question where shall wo draw the line 
between identity and difference of crystal form, especially as every 
chemical relationship, even if remote, finds a counterpart in some 
correspondence of the crystal forms. Or if, as this is not possible, the 
decisive criterion for legitimate isomorphism is taken to be the capacity 
for mixed crystals the same difficulty at once arises, for we have 
already seen that there are all conceivable gradations in the mutual 
miscibility of solid substances (p. 117 ). When we come finally to the 
third indication of isomorphism, namely, the property of overgrowth, it 
has been observed that substances which do not possess the slightest 
chemical or crystallographic analogy, exhibit this property ; and there- 
fore, on this ground, its value as a criterion of isomorphism has been 
criticised by Ketgers.® 

As no criterion is ever likely to be found which will enable us to 
answer decisively in all cases whether isomorphism is present or not, 
wo should confine our attention to the investigation of the degree of 
isomorphimf since the discussion of such vague and idle questions as 
whether isomorphism is shown in any given case or not, is not a 
subject for deliberate investigation. The only question .at issue is : 
What are the properties suitable for adoption as standard for the 
degree of isonwi'fhisin ? 

Of all the properties of a crystal, its form is very important and 
very striking to the eye ; but that is no reason for conceding to it 
a significance in precedence to the elasticity, optical constants, etc. 
That the first relations studied were those between crystal form and 

' TUishrift f, Fysik og Cherniy 8. 5, 193, 321 (1869), and 9, 225 (1870) ; see also 
the monograph on “ Isomorphism/’ by Arzruni, referred to above. 

3 Tt is especiaUy recommended to read the work of Retgers already cited on p. 118. 
A rtWmc maybe found in the Jahrbuch fikr Min. (1891), 1, 132, and in the Chem, 
CeninUbl. (1891-1892). 

® Zeits^r. jphys. Qhein. 6. 460 (1890). 
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chemical composition, was obviously because this property obtruded 
itself upon the observer ; their discovery was an undoubted acquisition, 
even though it could not later be retained as a rule without an 
exception ; but to elevate that discovery to the grade of a guiding 
principle, would amount to voluntarily assuming the fetters of an 
historical accident. 

The chemical analogy between two crystals is shown more clearly 
in their miscibility than in their crystal form, and thus, as Retgers so 
strongly emphasised in his investigations, it may be said that though 
a more or less complete similarity of form is not without interest, yet 
the whole problem appears to centre about the question of miscibility. 
The various grades of miscibility, according to Retgers, may be repre- 
sented as follows : — 

1. Miscibility in all degrees, a rather rare case. The physical 
properties — as well as the crystal form — vary gradually and evenly, 
in the series of mixtures, and are decidedly additive. 

2. Limited miscibility, without the formation of double salts ; the 
physical properties of the mixed crystals are emphatically additive, i.e, 
they can be calculated from those of the two substances when pure. 

3. Limited miscibility, without double salt formation; the 
physical properties of the mixed crystals are additive here also, but 
in calculating the properties of the series of mixtures, it is necessary 
to ascribe properties to the end member on one side of a gap, which 
arc different from those of the end member on the other side, and 
moreover properties different from those which actually occur, e,g. 
another crystal form. Sometimes there is a labile (unstable) form for one 
end member which conducts itself in the free state as though it were produced 
by intermixture with the mixed crystal, the 'properties of which have been 
transported beyond the gap by extrapolation ; the so-called iso-di-morphism or 
iso-poly-morphism. 

L Limited miscibility, with double salt formation, such that it 
indicates an important chemical contrast ; the properties of the double 
salt arc more or less different from those calculated from its end 
members. 

5. No marked miscibility, either with or without double salt 
formation. 

Thus in the series of mixtures of ammonium and potassium 
sulphates, the specific volumes of the mixed crystals, which can bo 
produced in every desired proportion, can be calculated quite 
accurately from the specific volumes of the end members, as was 
shown on p. 119 ; this pair of salts would be included under the first 
class just enumerated. The sulphates of iron and magnesium, which 
form an iso-di-morphoiis mixture, are doubtless to be referred to 
class 3 (p. 118). 

Marignac in fact obtained unstable crystals of MgSO^. THgO out 
of a supersaturated solution in the cold, which soon changed over when 
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removed, but if quickly measured were found to correspond very nearly 
with those of F 0 SO 4 . THgO. 

It is obvious that a sharp line can be drawn at least between 
classes 1 and 2 ; the question as to the existence of a gap in the 
scries of mixtures can bo decided definitely by experiment, provided 
we possess a solvent common for both of the crystals to be mixed. 
On this basis we might attempt to obtain miscibility in all pro- 
portions, as the decisive criterion of isomorphism. But this would 
amount to emphasising isomorphism as one particular phenomenon, 
and would be also unsuitable, because many crystals showing only a 
limited miscibility can, in all probability, be made miscible in all 
proportions by changing the temperature; just as many liquids, as 
water and phenol, which show limited miscibility at certain tempera- 
tures, at others dissolve each other in all proportions. 

The study of mixtures is doubtless to be preferred to the narrow 
study of the crystal form, as shown by many of the cases observed by 
Ketgers. “ Thus if we were shown a prism of KNOg, a rhombohedron 
of NaNOg, a tabular crystal of KClOg, and a cube of NaClOg, the 
chemical composition of all four of these being unknown, no one would 
suppose that they were substances chemically analogous. But that this 
is the case is shown beyond a doubt by their crystallising together.” 

On the other hand, certain cases suggest caution, because the 
property of forming mixed crystals does not belong exclusively to 
substances which are chemically analogous ; experience has shown 
that ammonium chloride has the peculiar property of uniting, to a 
certain extent, with substances which are entirely different chemically;^ 
solid benzene and iodine can crystallise together (p. 166), etc. 

In conclusion, let me define what I think to bo the present state 
of the question of isomorphism : — 

The property of forming solid molecular mixtures is a very 
common property of solid substances; but in general, in most cases, 
mixed crystals can bo prepared only up to certain limits, which are 
the points of mutual saturation. Every solid substance may contain 
traces, at least, of another substance, and thus there is formed a solid 
solution (p. 164), even though very dilute. The concentration may 
be excessively small, as e,g. when the solid substance is a metal and 
the dissolved substance is a non-metal, or vice versa, and though it 
may be much greater in the preceding case, which deals with the 
solution of a solid salt in a salt, yet it is usually small enough to 
escape notice. The degree of misdbUUy grows with increasing chemical 
relationship, so that the property of forming mixed crystals, within 
broad limits or in all proportions, finally appears in the case of 
substances which are completely analogous chemically. But in the 
case of complete miscibility, all the properties of the mixed crystal, 

^ liehniaini, ZeitsOir, f. Krystall. 8 , 438 (1883) ; Retgers, Zeitschr. jphya, Qhein. 
9. 386 (1892). 
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including the crystal form^ must be regular functions of the com- 
position, exactly as in the cases of liquids and gases ; but since a 
gradual, regular coincidence of crystalline form is only capable of 
being experimentally realised when the two pure crystallising 
substances have an original similanty of form, it therefore follows, 
as a special case of the above more general rule, that the rule of 
Mitscherlich is true, namely that chemically analogous substances 
usually have similar crystal forms. 

If the series of mixtures shows a gap, the crystal forms of the 
end members may be very dilferent from each other, although the 
chemical analogy is very complete ; but since each crystal on the 
one side of the gap is forced to adapt itself to the other crystal 
respectively, the very fact of a • great extension of the series of mix- 
ture indicates that each crystal shows this tendency ; as a matter of 
fact, it is often observed that one crystiil, even when in a perfectly 
pure state, may assume a labile form of the other (iso-di-morphism or 
iso-poly-morphism). 

Isomorphism is therefore hidden, so to speak, behind the rule 
that miscibility varies directly with ina'easing chemical relationship ; it is 
a rule moreover which, in the case of liquids, is expressed in the 
statement that closely related substances dissolve each other in all 
proportions. Now, other things being equal, since a solid mixture 
is formed with greater difficulty than a liquid one, and especially so 
since the crystal form here exerts a limiting influence, much greater 
demands are made upon chemical analogy in the case of solids than 
in the case of liquids. 


The Periodic System of the Elements.^— -In addition to the 
facts already described, by means of which the tables of the atomic 
weights can be completed with great confidence, there is a strong 
support in the shape of the so-called “natural” or “periodic” system 
of the elements; this unites certain relations between the atomic 
weights and the physical properties which have been long suspected, 
into a complete, well-finished system, and broadens our knowledge in 
many respects. The fact alone that most of these regularities would 
disappear only by a radical change of the atomic weights, makes it 
appear that no attempts of that kind will be made within the im- 
mediate future. 

As early as 1829 Doebereiner called attention to the fact that 
there are certain triads of elements which show close analogies in their 
physical properties and certain regularities in their atomic weights. 
The following table shows series of such similar triad groups, the 
atomic weights of which exhibit differences which are fairly constant : — 

^ In the preparation of this section use was made of Lothar Meyer’s OruTidz^e der 
theoretUchen Chemie, Leipzig, 1890. 
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Atomic Weights. 

Diff. 

Lithium 

7*03 

16*02 

Sodium . 

23*06 

Potassium 

39*15 

16*1 

Calcium 

40-10 

47-5 

Strontium 

87-6 

Barium .... 

137*4 

49*8 

Sulphur. 

32*06 

47*14 

Selenium 

79*2 

Tellurium 

127*6 

48*4 

Chloride 

35*46 

44*51 

Bromine 

79*96 

Iodine .... 

126*97 

46*01 


On the other hand, in the following table we find triad groups 
of related elements having only slightly different atomic weights : — 


Iron . , . . . .55*9 

Cobalt . . . . . .59*0 

Nickel , . . . .58*7 

Ruthenium ..... 101*7 

Rhodium ..... 103*0 

Palladium ..... 106*6 


Osmium . 
Iridium . 
Platinum 


191*0 

193*0 

m*8 


Attempts were not wanting to advance farther along the line of 
these regularities. But the thorough generalisation and consequent 
utilisation of this did not come till there appeared a simple classifica- 
tion of the elements in the works of Mendelejeff and of Lothar Meyer 
(1869) ; these two by slightly different ways arrived at the same con- 
clusion — that the properties of the chemical elements are periodic 
functions of their atomic weights ; this will appear in detail from the 
following arrangement : — 


[Table 
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In column 0 are the new elements discovered in the atmosphere 
(the so-called “ noble ” gases) ; they were of course unknown to Meyer 
and Mendelejoff, and have only recently been introduced into the 
periodic system by Ramsfiy. We shall return to this column later ; 
for the present it will be left out of consideration. 

In each of the first two periods (horizontal rows) are seven 
elements, the respective members of which in the same column are 
very similar. In the four following rows we find some similarity of 
the elements in the same column ; but we find the greatest similarity 
by comparing alternate elements, e.g, K with Rb, Cu with Ag, Zn 
with Cd, Br with I, etc. The seventh and eighth rows are very 
incomplete ; but perhaps elements as yet not much investigated 
will be found to follow in after Ce. The elements of the ninth row, 
as far as known, accord well with the corresponding members of the 
sixth. 

The elements in the eighth column, including the iron and plati- 
num groups, occupy an exceptional position : the atomic weights of 
each group of three stand nearer together than most of the elements in 
the horizontal rows, and a similar statement may be made of their 
properties. The three triad groups together play the part each of 
an element, but at the same time of elements which do not fit well 
into the preceding scheme. This arrangement shows very clearly, 
as MendelejefF emphasised, the relation between their respective 
chemical values^ as compared with oxygen, and their atomic weights, 
as the following table of the oxides instead of the elements still further 
illustrates ; — 


I. 

11. 

III. 

IV. 

v. 

VI. 

VII. 

Vlll. 

LigO 

NaoO 

MgaOa 

B., 0 , 

AlA 

CjO. 

Sip. 

NP, 

PPr, 

^2 0(5 

0\fi, 


K./) 

Ca202 

SC.2O.J 

Tip. 

vp. 

CrP„ 

M112O7 


CuoO 


1 0a203 

Gep. 

AssjOb 

SePe 

Brp, 


Rhfi 

c& 

: Y2O3 

TiVfi^ 

Nbp. 

MooOb 

... 1 


Agio 

biA 

Sn.,04 

Sbp„ 

Te20e 

I2O7 

Cs ,0 

Ba^O^ 

La^Ou 

CeA 

To-Pb 

W„0„ 

0s.20g 

Aii-P 

Hg,p, 

TLA 

Vhfi^ 

BiPa 

up„ 




But in spite of this regularity wo must take warning not to follow 
it blindly ; for, as is well known, many elements form other oxides than 
will fit into the preceding table, and also some elements, which do not 
fit into this table, are omitted. 

The elements discovered by Ramsay — helium, argon, etc. — are completely 
neutral in chemical behaviour ; Ramsay therefore arranges them in a new 
column, as having the valency zero. The atomic weights (only approximately 
known) harmonise with this view, as may be seen from the table, p. 179 ; 
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actually these elements form a transition between the strongly positive and 
strongly negative univalent elements, being themselves neutral on account of 
their chemical indifference. The following table given by Ramsay illustrates 
these points 


H 

He 

Li 

Be 

1 

4 

7 

9 

F 

Ne 

Na 

Mg 

19 

20 

23 

24 

Cl 

A 

K 

Ca 

35 

40 

39 

40 

Br 

Kr 

Rb 

Sr 

80 

82 

85 

88 

I 

X 

Cs 

Ba 

127 

128 

133 

137 


Remembering that hydrogen according to its physical properties is 
throughout of a metalloid character, and also in many compounds, such as 
the hydrocarbons, stands much nearer chemically to the halogens than to 
the univalent metals, its position at the head of the univalent metalloids is 
not without reason. A certain number, at any rate, of the elements are 
satisfactorily arranged, then, in the above order (see Ramsay, Ber, Deutsch. 
Ghem. Ges. 13. 311 (1898), and Modern Chemistry^ London, 1900, p. 60). 

Staigm tiller’s (Z, phys. Ghem. 39. 243, 1902) similar arrangement of 
the elements is given on p. 183 ; the noble gases are introduced in it in the 
s(ime way as in Ramsay’s. Various difficulties of the old arrangement are 
thus avoided ; the elements in the last vertical column occur naturally ; 
the metalloids are separated from the metals by the heavy line ; moreover, 
C, B, Si, may very well be looked upon as metals, and in this way the 
grouping gains in simplicity of outline. By a slight rearrangement, already 
made in this table, the analogy is clearly brought out between the three 
triads, Fe, Ru, Os ; Co, Rh, Ir ; Ni, Pd, Pt (see the remarkable observations 
of H. Biltz, Ber. chem. Ges, 35. 562, 1902). 

In a similar way A. Werner {Ber. chem. Ges. 38. 914, 1905) arranges the 
elements in a series of pairs of periods, containing a constantly increasing 
number of elements (see table, p. 184). Tim first period, which should contain 
three elements, is unknown ; the second contains the three elements H ; an 
unknown element, the prototype of the metalloids, which should stand over 
F, Cl, etc. ; and He. The next two periods, of eight elements each, begin 
with Li and Na respectively, and include the elements up to Ne and A ; 
between Li and Be, Na and Mg, is a large free space. The fifth and sixth 
periods contain 18 members : there is a gap under Mn. The last two periods 
contain many gaps ; in the last but one there are only 24 of the 33 elements 
known (see table). The last period contains only Ra, Laa, Th, U, Ac, Pba, 
Bia, Tea, ie. radio-active and mostly hypothetical elements. The mean 
increase of atomic weight between two neighbouring elements rises with the 
atomic weight. In the Li period it is 1*85, in the Na period 2*4, in the K 
period 2’47, in the Rb period 2-5 ; if it is still smaller in the H period, say 
1*5,. an element must be missing. If it is 2*56 for the last period, it follows 
that the period should contain 33 elements. Every pair of periods has more 
elements by a multiple of five than the preceding pair. The properties of 
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the eleraentfl yet to be discovered must be between those of the elements 
between which they are respectively placed. 

It should be mentioned that Newlands, as far back as 1864, attempted 
to arrange the elements systematically according to their atomic weights ; 
for further history of the periodic system see K. Seubert, Z, anorg. Chem. 
9. 334 (1895). On the didactic value of the periodic system, see Lothar 
Meyer (Ber. Deutsch. Ghem. Ges, 26. 1230, 1893). 

Regularities of the Atomic Weight Numbers. — It is very 
remarkable that the atomic weights of a number of elements, especially 
those of low atomic weight, approximate closely to whole numbers ; a 
hypothesis put forward on the strength of this by Prout (1815), that 
they are exact multiples of the atomic weight of hydrogen, is certainly 
false ; but the fact remains that many elements nearly satisfy the 
hypothesis in a way that cannot possibly be accidental. 

Rydberg (1886) undertook to follow out these unmistakable regularities, 
and in a recent very thorough study (Z. anorg. Chem. 14. 66, 1897) has 
brought to light a wliole series of striking rules that will doubtless be of 
meaning in the future development of the periodic system. The atomic 
weights P can be put in the form P = N + D, where N is a whole number 
and D is a quantity always small compared with N' and for the elements of 
low atomic weight, small compared with unity. If M be a whole number — 
Rydberg calls it the ordinal number of the element — elements of odd M 
have odd valency and odd values of N = 2M + 1 ; elements of even M have 
even valency and even- values of N = 2M. The values of D, which can he 
pretty accurately detennined in view of the above rules, form- a pronounced 
periodic function of the atomic weight. From this follows the suggestion 
that in studies on the periodic system either N or perhaps better M should 
be taken as the independent variable instead of tlie atomic weight. Adopting 
this principle the dilbculty disappears that is due to the newly determined 
atomic weight of tellurium (127*5 instead of 125). According to the views 
hitherto adopted, tellurium (127*5) would come after iodine — in a quite 
hopeless position ; according to Rydberg, it should stay in its natural place 
with M = 60, N == 120, D = 7*5, the last value being more satisfactory than 
D = 6, as compared with the values of D for neighbouring elements. A 
number of other irregular series of atomic weights are more easily understood 
from this point of view (A 39*9, K 39*15; Co 59*0, Ni 68*7 ; Nd. 143*6, 
Pr. 140). A. Werner {Neuere Anschauungen aufdem Gehiete der anorganischen 
Ghemie^ 2nd ed. Braunschweig, 1909) points out an analogy in the colour of 
the salts of such pairs of metals (Co, Ni and Nd, Pr). Where the curve 
showing the relation of any property E to M passes through a maximum or 
minimum, the value of E of course varies little with M, and as such maxima 
and minima occur in about the same place for the most varied properties, 
elements arise with little difference in character (‘'twin elements,” according 
to R Lorenz, who has worked out a number of rules for these, Zeitschr. anorg. 
Ghem. 12. 329; 14. 103, 1897). 

For further observations on regularity in atomic weights see Jiil. Thomsen 
{Bull Acad. Danemarkf Dec. 14, 1894), and M. Topler (Ges. Isis Dresdeuy 
1896, Abh. 4). 
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Physical Properties of the llemeiits.-~Some physical pr^ 
perties also stand in more or less definite relation to the atomic 
weights. A superficial consideration shows at once that the metallic 
elements (except the last series) are collected in the outer vertical 
columns only, while the metalloids are in the middle. The atomic 
volume, i.e, volume of 1 gram-atom of the element in the solid state, 
also comes clearly in its relation to atomic weight, as appears from 
Fig. 17 (L. Meyer, 1870). 

Melting-points behave in the same way, as may be seen in the 
following table. 

Melting-point of Elements on the Absolute Scale (from 
- 273'') — (?i.w 2 . not melted, vl very low, r. red, c, colourless). 


Melting-points op the Elements in Absolute Temperature 
( ie . FROM - 273 “). 


- 

— 

- 

— - - 

- — — 

-- 

- 

— - 

_ 

0. 

T. 

II. 

HI, 

IV. 

V. 

VI. 

VII. 

VHL 


H 









14 








He 

Li 

Be 

B 

C 

N 

0 

F 


<6 

459 

<Ag 

u.in. 

iLm. 

62*5 

28 

50 


No 

Na 

Mg 

A1 

Si 

P 

S 

Cl 


Y.l. 

371 

924 

930 

1703 

r. 903 

388 

171 







c. 317 




A 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe Go Ni 

85 

336 

1043 

'1 

2120 

1990 

1788 

1620 

1818 1778 1767 


Cu 

Zu 

Ga 

Ge 

As at 

Se 

Br 



1357 

692 

303 

1221 

red heat 

490 

266 


Kr 

Rb 

Sr 

Y 

Zr 

Nh 

Mo 


Ru Rh Pd 

104 

312 

>Ca 

? 1 

>Si 1 

2223 

2660 


>2220 2213 1818 


Ag 

Cd 

III 

1 

Sn 

Sb 

To 

I 



1234 

595 

428 

505 

904 

723 

386 


Xe 

Cs 

Ba 

La Ce 





... 

133 

300 

1123 

1083 896 











Ta 

W 


Os Ir Pt 






3020 

3230 


2770 2633 2018 


Au 

Hg 

T1 

Pb 

Bi 





1337 

234 

575 

600 

541 








Til 


U 







about 


about 







1980 


2000 
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If the atomic weights are taken as abscissae and melting-points as 
ordinates of a curve, the regularity comes out more clearly ; the curve 
is wave-shaped, with maxima in the fourth or fifth columns. The curve 
of atomic volumes in Fig. 17 has a similar course, and comparison 
of the two shows that all the gasemis and easily fusible {liquid below red 
heat) are on the rising branches and maximal points of the volume curve ; 
while the elements that are melted with dijfkulty^ or are not fusible at all 
with the means now available^ are on the descending branches and at the 
minima. Comparing the elements in each vertical series, i.e, each 
natural family, the melting-point is usually found to rise with increasing 
atomic weight ; but the alkalis Li, Na, K, Rb, the group Zn, Cd, Hg, 
and probably the alkaline earths, Be, Mg, Ca, Sr, behave in the 
opposite manner. 

The compressibility of solid elements is also a pronounced periodic 
function of the atomic weight, as T. W. Richards^ has shown in a 
detailed investigation; in general the compressibility is greater, the 
greater the atomic volume, so that the curve of compressibilities 
{l.c. p. 196) is very similar to Fig. 17. 

Borchers has recently shown {AquivalenUVolum- und Atomgewicht, Knapp, 
Halle a. S., 1905) that some regularities become more distinct when the 
volume of a gram equivalent is substituted for atomic volume. 

Of other physical properties that have a more or less marked periodic 
cliaracter, we may note crystalline form (see the Isomorphous Series, p. 173), 
whicli has clear relations to the vertical columns of the periodic system (see 
also G. Linck, Zeitschr. phys. Ghem. 19. 193 (1896), Ortloff, ibid. 201), ex- 
tensibility, thermal expansion and its temperature coefiicient (see Griineisen, 
Ann. d. Phys, [4], 33. 59), conductivity for heat and electricity, heat of 
formation of oxides and chlorides, magnetic and diamagnetic properties, 
refi’action equivalents (see, on these properties, Lothar Meyer, Modern Theories 
of Chemistry^ 1883, p. 144 ff.), “Hardness of the Free Elements” (Rydberg, 
Zeitschr. phys. Ghem. 33. 353, 1900), “Change of Volume on Fusion” 
(M. Tcipler, Wied. Ann. 53. 343, 1894), “Viscosity of Salts in Aqueous 
Solution” (Jul. Wagner, Zeitschr. phys. Ghem. 5. 49, 1890), “Colour of Ions” 
(Carey Lea, Sill. Am. Journ. [3], 49, 357, 1895), “Ionic Mobility” (Bredig, 
Zeitschr. pihys. Ghem. 13. 289, 1894), etc. The periodicity of the frequencies 
of the atomic vibrations of elements in the solid state is very pronounced, 
as W. Biltz has shown (Z. f. Elektrochem. 17. 670, 1911). The relations 
between emission of light and atomic weight are dealt with in the last 
section of this chapter. 

Attempts to find quantitative relations in this region have so far proved 
almost without result. It is, however, possible that so far properties have 
always been compared under arbitrary conditions of temperature and pressure, 
and that exact laws are not to be expected thus ; if, too, the elements have 
much more power of existing in several modifications than we know at 
present, this would introduce another factor of arbitrariness, as the comparison 
is made between the modifications that happen to be known to us. Thus 


^ Zeitschr. phys. Ghem. 01 . 183 (1908). 
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we find the most marked regularity in the atomic volumes of elements in 
the solid state, which offers the safest basis of comparison, as the density of 
solids varies but little with temperature, pressure, or even with change of 
molecular condition. 

Isomorphism of the Elements. — The crystal forms of most 
elements are unknown, because they are difficult to obtain as well- 
defined crystals. On the other hand, the question whether two 
particular metals form mixed crystals with each other, i.e, are 
isomorphous (p. 172), can usually be settled with certainty. (For the 
methods employed, see Book IV. Chapter II. paragraph ^‘Thermal 
Analysis.”) 

Tammann^ has collected and discussed our knowledge of this 
phenomenon. It appears that, in general, elements of a natural 
group of the periodic system, and also such elements which are not 
far removed from each other in Staigmiiller’s arrangement (p. 183), 
can often form continuous series of mixed crystals with each other. 
At the same time, elements far removed from each other can some- 
times form mixed crystals, especially when they are chemically similar, 
and have high melting-points. 

Tammann puts forward the suggestion that elements, which form 
mixed crystals, could be built up in a similar way ; in this connection 
it is significant that such elements show similar spectra (see below). 

Significance of the Periodic System in the Table of Atomic 
Weights. — At first the establishment of the periodic system was 
regarded as a discovery of the highest importance, and far-reaching 
conclusions as to the unity of matter were expected from it ; more 
recently a disparaging view has been taken of these noticeable, but 
unfruitful, regularities. One now often finds them underrated, which 
is intelligible enough, since this region, which especially needs scientific 
tact for its development, has become the playground of dilettante 
speculations, and has fallen into much discredit. It is all the more 
satisfactory that an intelligent and thorough investigation of this 
subject of fundamental importance in theoretical chemistry has begun 
anew. 

The periodic system is of especial importance in settling atomic 
weights. Although the rules so far known do not possess — any of 
them — completely convincing validity, between them they give a 
striking proof that the choice of atomic weights underlying them is a 
happy one, and constitute a valuable indication in studying new or 
little known elements. It is usually possible to find the place of a 
new element in the periodic system by the analogies it shows to better 
known ones. Thus it was long doubtful whether beryllium had 
atomic weight 9*08 ~ 2 x 4*54 or 13*62 = 3 x 4*54 ; hut only the 

1 Zeitschr, anorg. Chem, 68. 446 (1907). 
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former value fitted without strain into the periodic system, and since 
Nilson and Pettersson measured the vapour pressure of beryllium 
chloride and showed it to have, most probably, the formula BeClg, 
the lower atomic weight has been considered alone admissible. On 
the other hand, obvious gaps in the system lead to searches after new 
elements; scandium, gallium, and germanium, discovered since the 
establishment of the periodic system, have fitted in in this way. In 
such cases the chemical behaviour and some of the physical properties 
of still unknown elements can be predicted — Mendelejeff did so for the 
metals just mentioned ; this must be regarded as a second practical 
consequence of knowing the relations between the atomic weights of 
the elements and their properties. The periodic system, as may be 
seen from this, is of the greatest service to chemists as a mnemonic 
help in dealing with the huge mass of data in their science. 

Besides the reasons mentioned above, there are other grounds for 
accepting the usual atomic weights as correct. The numerous recent 
measurements of molecular weight in solution have never led to con- 
tradiction with those values ; again dissociation has been shown to 
occur in many of the polyatomic gases, but never in those regarded 
as monatomic by the usual molecular theory. 

The Spectra of the Elements. — At the end of this chapter 
the question arises, In what way may we‘ hope best to obtain a deeper 
insight into the nature and more intimate behaviour of these atoms, 
the relative magnitude of which we have already learned to determine 
by a number of distinct and safe methods ? So far as we can judge 
at present, of all the physical properties, the consideration of the spectra 
of the elements offers altogether the best way to attack this problem. 

An attempt to consider the phenomena of spectrum analysis, with 
even partial thoroughness, is of course beyond the limits of our task, 
which is to consider only those investigations which have served as a 
broader standpoint for the theoretical treatment of chemistry. But 
although spectrum analysis has been a great practical help in chemistry, 
and especially by its aid in the discovery of new elements, yet the hopes 
entertained of a theoretical explanation remain thus far unfulfilled. 
For this reason this section will give only a short summary concerning 
the emission spectra of the elements. Concerning the absorption 
spectra of organic compounds, another important class of spectrum 
phenomena, some reference will be made in a later chapter. 

Irrespective of the so-called phenomena of “ luminescence^^ by which, 
after a proposal made by E. Wiedemann,^ there is understood the 
property of certain substances of becoming luminous at low tempera- 
tures, from external conditions, as illumination (photo-luminescence), 
electric discharge (electro-luminescence of gases), chemical processes 
(chemico-luminescence), crystallisation (crystallo-luminescence), gentle 
1 WiM. Ann. 34 . 449 ( 1888 ). ‘ 
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heating (thermo - luminescence), etc. ; the normal development of 
light, i.e, light produced by the heat movement of nwlecuUs, and which 
we will consider exclusively in this section, is due to the high tempera- 
ture of the substance emitting the light. According to the radiation 
laws,^ all solid and liquid substances radiate light of shorter wave- 
lengths with increasing temperature, and at about 625° they all begin 
to glow with a dark red light, then become bright red, and finally 
“white hot.” If one observes this gi*adual increase in glow with a 
spectroscope, there appears at first the red end of the spectrum, which 
gradually stretches over to the violet end with increasing temperature. 
Thus all solid and liquid substances give continuous spectra ; but the 
erbium and didymium earths give continuous spectra crossed by 
certain bright lines. 

G-lowing gases conduct themselves in a different, but a characteristic, 
way. These give out only, or at least mostly, rays of a definite wave- 
length ; and therefore they give spectra, which consist of single bright 
bands sharply separated. According to the number and breadth of 
these bright bands, they are called hand-spectra or simple line-spectra. 
Emission spectrum analysis, the introduction of which into science was 
the immortal work of Bunsen and Kirchhoff, and whose first-fruit was 
the discovery of several new elements, is based on the fact that under 
certain conditions of temperature and pressure every gas gives a 
definite, and, to a large degree, a characteristic spectrum. Therefore, 
in order to examine a substance by spectrum analysis, ^ it is necessary 
to bring it into the state of a glowing gas. For easily volatile sub- 
stances, such as the salts of the alkalies, the flame of a Bunsen burner 
is sufficient ; for substances volatile with great difficulty, one uses, 
according to the circumstances, the oxy-hydrogen blow-pipe, the electric 
spark, or the electric arc. As is well known, the production of mono- 
chromatic light, which is necessary for so many optical investigations, 
depends upon the selected rays emitted by incandescent gases. It 
should, however, also be pointed out that sharp line spectra are peculiar 
to gases at high dilution; gases under high pressures can give con- 
tinuous spectra. Thus, according to Frankland (1868), hydrogen, 
e,g. when burnt in oxygen under a pressure of twenty atmospheres, 
gives a continuous spectrum. 

It cannot be doubted that each molecular species, whether represent- 
ing isolated atoms, or chemical compounds, has its own characteristic 
spectrum ; but the question as to which particular molecular species 
corresponds to an observed spectrum, can be very rarely answered 
with certainty. The difficulties which are met are mainly due to the 

^ Sec the article by Pringsheim, Zeitschr. /. loissmsckafil, Photographie, 1, 391 
(1903). 

* For spectrum analysis, see especially the review by Kayser in Winkelmann's 
HaTuPmeh der Physik, Breslau, 1894, vol. ii. pp. 890-460. Of later work may be 
mentioned the extensive collection of references by Landauer, Sp€ktr<jdaimly6e. 
Braunschweig, 1896. 
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determination of the molecular condition of an incandescent gas ; 
this is usually very much complicated at high temperatures where 
the capacity of the substance for reaction is apparently very much 
increased, and certainly is totally changed, and doubtless the spectrum 
observed where a compound or even an element is volatilised^ consists of the 
superimposed spectra belonging to dijferent molecular species \ in fact possibly 
the production of certain spectra is due, not to the presence of certain 
niolecular species, but to the occurrence of a chemical process. The 
dissociation phenomena, which, from all that is known, occur more 
often at high temperatures than under ordinary conditions, play an 
especially important rtle?^ It is certain in many cases that the 
volatilised substance, by reaction with the gases of the dame or with 
atmospheric air, forms new molecular species, and although only very 
slight quantities of these may be present, yet such is the great 
sensitiveness of the spectroscope, that these may be sufficient to 
produce clearly recognisable lines. We have good reason for assum- 
ing that single atoms give line spectra^ ami atomic complexes give hand 
spectra. 

Regularities in the Distribution of the Spectral Lines of 
the Elements. — Inasmuch as there is scarcely any reason to doubt 
that there is the most intimate dependence of emission spectra upon 
the configuration and state of vibration of the molecule and atom of a 
luminous substance, it requires only a glance at the laws (by which, 
on the one hand, the lines of the same substance arrange themselves 
in the spectrum, and by which, on the other hand, the arrangement 
varies with the substance) to hope that very soon, perhaps, we shall 
have further disclosures concerning the behaviour and the condition 
of movement of the atom. Although at present we are far removed 
from a thorough knowledge of the laws concerning the subject, yet 
already a beginning has been made which is worthy of attention, and 
which spurs us on to a continued search for the goal. 

The most important result thus far obtained is in the calculation 
of the lines of the first hydrogen spectrum so-called, which is obtained 
by a Geissler’s tube, for example, in which the i)ressure must not be 
too small. The peculiarly simple structure of this spectrum gives 
hydrogen a place apart from all the other elements; this is also 
clearly borne out by its position in the periodic system. As Balmer ^ 
discovered, the wave-length A of each line can be calculated very 
accurately from the simple formula 

A,- 1 = A(1 - 4m-2) or A = J “ , 

' ' A m‘‘ - 4 


^ For example, water vapour above 3000° contains Hg 0 , Hg, O 2 , HgOg, O 3 , and probably 
also H and 0 in perceptible quantity. See Book IV. Chapters III. IV. V. 

2 Wied. Ann. 26. 18 (1886). 
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in which denotes the vibration number; the successive numbers 
3, 4, 5, etc., are to be substituted for m. By substituting in this 

formula the value 3647*20 of the constant the following wave- 

A. 

lengths are obtained for different values of m : — 


The Hydeooen Spectrum 


Line. 

m 

Calculated. 

observed. 

Difference. 

lla 

3 

6664-96 

6664-97 

0-0 

11/8 

4 

4862-93 

4862-93 

0-0 

H7 

5 

4341-90 

4342*00 

+ 0-1 

115 

6 

4103*10 

4103*11 

0*0 

He 

7 

3971*40 

3971*40 

0-0 

Hr 

8 

3890*30 

8890*30 

0-0 

nv 

9 

3836*70 

3836*80 

+ 0*1 


10 

3799-20 

3799-20 

0-0 

Hi 

11 

3771*90 

3771*90 

0-0 

H/f 

12 

3761*40 

3751-30 

-0*1 

H\ 

13 

3735-60 

3735-30 

-0-3 

H/i 

14 

3723*20 

1 3722*80 

-0-4 

Hu 

i 

3713*20 

3712-90 

-0*3 


^ The wave-iongths in the “ observed column are taken from the 
latest measurements by Ames,^ and are expressed in ten-millionths of 
a millimetre ; the correspondence between the wave-lengths observed 
and those calculated from Balmer^s formula is very remarkable. 

The preceding formula does not apply at all to the so-called 
second hydrogen spectmni. This consists of very numerous fine lines and 
appears to correspond to a lower temperature ; • it is suspected that 
the two spectra belong to two difierent molecular conditions of 
hydrogen. It is possible that the discovery of further regular cases 
of this sort may bo rendered difficult from the fact that the pro- 
duction of the spectra of other elements is due to the superimposition 
of spectra belonging to several different molecular conditions, and that 
their separation does not take place automatically, as in the case of 
hydrogen, where wo obtain the first spectrum by itself. 

In spite of the simplicity of Balmer's formula, it has been found 
extraordinarily difficult to evolve it from calculations based on the 
vibrations of any kind of mechanical or electromagnetical system. 
The peculiarity of the formula, which is the cause of this, is the 
existence of a certain minimum period of vibration, corresponding to 
the value m = co , in the neighbourhood of which, as the above table 
shows, the lines of the series become extraordinarily crowded together. 
It is possible to give some explanation of this by assuming with 

^ Phil. Mag, [5], 30 . (1890) ; see also Comu, Joum, dephya, [2], 6. 341. 
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W. Ritz ^ that the spectrum is caused by the vibration of electrons in 
the strong magnetic fields of the atom. 

Concerning the relations which should exist between the spectra of 
allied elements^ it has been shown by Lecoq de Boisbaudran that the 
spectra of the alkali metals are displaced towards the red end of 
the spectrum with increasing atomic weight. Recently Kayser and 
Runge ^ volatilised a number of metals by means of the electric arc, 
and photographed their spectra by means of a Rowland concave 
grating ; the wave-lengths of the lines were exactly determined to 
within a hundred-millionth of a millimetre. They showed that the 
lines may be fairly well calculated by means of the formula 

= Cm’^; 

this formula is a generalisation of Balmer^s formula ; yet although it 
has two more constants than the other, the observations of the metals 
are not attended with the same degree of success as was the case with 
hydrogen. Moreover, it is not possible to obtain the spectrum of a 
metal by one formula like this ; but it must be resolved into a number 
of series in order to calculate the values of the constants A, B, C. 

Now it happens that for the elements of Mendelojeff's first group, 
the series (of which each element has several) consists not of lines, 
but of pairs of lines. Kayser and Runge distinguish the following 
series : 

1. The Principal Series : their pairs are the strongest linos of the 
spectrum, and are easily reversible, Le, they appear dark when the 
vapour has a sufficient density. 

2. The First Subordinate Series : strong but very hazy pairs of 
lines ; they have a constant difference in frequency. 

3. The Second Subordinate Series : weaker pairs of lines, but better 
defined, with a constant difference in frequency (the same as in (2)). 

The first pair of the principal series has also this same difference : 
this difference is the most important spectroscopic constant of the 
element in question, and, as will appear in a moment, it seems to 
stand in a definite relation to the atomic weight. The principal 
series appears to be found only in the case of the alkali metals ; the 
spectra of all other metals seem to consist only of secondary series j 
no series are found in the spectrum of barium ; the spectrum of 
lithium seems to consist of only simple lines. 

Besides this constant difference in frequency, there exist relations 
between the different series of one and the same element, which make 
it possible to predict the constants of new lines by combination of the 

^ Annalen d&r Physik [4], 26. 660 (1908). 

'■* Wied.Ann. 41. 302 (1890), 43. 385 (1891), more completely in Abh.d. Berl.Akad.y 
1890, 1891, 1892 ; collection of re.sults on p. 200 of the section of Winkelmann’s hand- 
book quoted above. Rydberg put forward similar views independently of Kayser and 
Runge. See Srenska Akad. Uandl. 23, (1889-1891) ; Wied. Ann. 60. 629 (1893) ; 
Astrophysical Journal i 6, 233 (1897). 
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formulae of the separate series. Kitz,^ for example, calculated exactly 
from the earlier known lines of the alkali metals, the position of the 
new lines discovered by Lenard and others in recent years. 

The elements tliat belong to . the same vertical column of the 
periodic system show an obvious similarity in the construction of 
their spectra. This is established at any rate for the first two groups 
and a part of the third ; in the others it is as yet little known. These 
three groups can each be divided into two parts that show special 
chemical analogy ; thus we have I. Li, Na, K, Rb, Cs ; II. Cu, Ag ; 
III. Mg, Ca, Sr ; IV. Zn, Cd, Hg ; V. Al, In, Tl. The relations 
inside each of these groups are particularly close, as may be seen from 
the following table. Within each group the spectrum is displaced 
towards the red by increase in atomic weiglit ; but in passing from 
one group to the next, strongly towards the blue. The rules that 
hold are best seen from the numbers in the accompanying table, 
which give the constants A, B, C (multiplied by 10^) for the first 
line of each pair or triplet in the subsidiary series : — 




Allied SerioH. 

Allied Series. 




A. 

D. 

C. 

1 

i A. 

B. 

- 

0. 



Li 

28,687 

24,476 

109,625 

1,847 

28,667 

122,391 

231,700 


i 

Na 

110,066 

4,148 

21,649 

120,726 

197,891 

17 

325 

K 

21,991 

114,450 

111,146 

22,021 

119,363 

62,506 

57 

381 ; 

Kb 

20,989 

19,743 

121,193 

134,616 


234 

322 

Cs 

122,869 

306,824 




645 

309 i 

Oil 

31,692 

131,150 

1,086,060 

31,592 

124,809 

440,582 

249 

622 I 

Ag 

30,712 

130,621 

1,093,823 1 30,896 

123,788 

394,303 

921 

794 1 

Mg 

39,796 

130,398 

1,432,090 

39,837 

126,471 

518,781 

41 

! 713 

Ca 

33,919 

123,647 

961,696 

1 34,041 
! ••• 

120,398 

346,067 

102 

638 

Sr 

, 31,031 

122,328 

837,473 

394 

517 

i Zu 

42,945 

131,641 

1,236,126 

1 42,956 

126,919 

632,850 
665,137 ! 

386 

918 

ai 

40,755 

1 128,636 

1,289,619 

1 40,797 

126,146 

1159 

929 

Hg 

40,159 

1 127,484 

1,252,695 

1 40,218 

126,361 

613,268 

4633 

1161 : 

Al 

48,308 

166,662 

2,505,331 

48,245 

127,527 

687,819 

112 

i 1634 ' 

lu 

44,616 

139,308 

132,293 

1,311,032 

.1,265,223 

44,585 

126,766 

643,584 

2213 

1721 i 

Tl 

41,642 

41,506 

122,617 

790,683 

7796 

1879 


These numbers show that A falls off with increase of atomic 
weight within each scries — A being the frequency for m = oo or 
limiting frequency ; each set'ieSy therefwe, is pished towards the red end 
by increasing atomic weight 

B and 0 are nearly the same for the lines of a pair or triplet 
1 Physikal. Zeitschr. 9. 621 (1908). 
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belonging to the same series. The B values vary but little — especially 
those of the second series. 

The constant difference between p*iirs (or the first two lines of 
triplets) in both series is given under the heading v ; in the last column 
this quantity is divided by the square of the atomic weight a. Within 
each of the five groups this quotient is ronghlf/ constant^ Le, the 
width of the pairs and triplets, measured in frequency of vibration, 
is approximately proportional to the square of the atomic weight 
within each group. 

Series of subsidiary character have also been found in the spectra 
of oxygen and sulphur. The lines of the series are triplets. 

There are likewise found in the haml spectra of the metalloids 
certain regularities which are partially related to the preceding. 
Thus Deslandres ^ found that the distribution of the bands can be 
expressed by the formula 

= A + Bm^ ; 

when again “m^* denotes the vibration number, utkI A and B 
constants which are characteristic for the respective series of the 
element in question, X denotes the wave-length of some eharaeterisiic 
line of the band which serves as its representative ; thus the distribu- 
tion of lines within any one band is given by the formula 

= a -f- bm‘“, 

where again “a” and ‘Mi” are constants. By making m = 0, we 
obtain the fundamental vibration of the band, i.e. the line which, as 
stated above, was chosen by Deslandres to reiireseut the band. This 
last rule requires that each of the bands belonging to the same series 
of an element shall show a manifest similarity as regards the number 
of their maxima and minima of brightness, and also as to their 
relative distances and arrangement; while the former rule requires 
just what was found to appear in the case of the line-spec tra of the 
metals. 2 

As is obvious from what has preceded, the following law holds 
good, viz. the farther we advance toward the violet {more refrangible) end of 
the spectrum^ the closer do the lines approach each other, so that the lino- 
spectrum prevails almost exclusively at the ultra-violet end. 

According to Riecke,® the difference between line and band spectra is 
that in the former the frequencies in the series form a simple progression, 
like those of a string or an organ pipe ; the waves are theiefore due to 
atomic or molecular vibrations similar to those of linear systems ; while the 
vibrations of molecules producing band spectra are determined by three 


1 O.R. 104 . 972 (1887); 100 . 842 (1888); 110 . 748 (1890); 112 . 661 
(1891) ; Ann. chim. phys. [6], 14 . 5 (1888) ; Jmirn. deyhys. [2], 10 . 276 (1890). 

* Kayser and Riiiige found that carbon obeyed these rules approximately {Ahhnndl, 
d. Berl. Akad., 1899). 

‘ 3 Lehrhuch d. Physik, 3rd edit. Bd. I. pp. 658 and 660 (1906). 
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iTidependent conditions, and are thus analogous to the vibrations of bodies 
in three dimensions, 

Reinganum ^ has pointed out that the relations of the constant A to the 
atomic volume are still more pronounced than those to the atomic weight a ; 
ill every vertical column of the periodic system, A is smaller the greater the 
atomic volume. An important criterion for the solution of the (piestion, 
which series in the si)ectra of different elements correspond to each other, 
is tlie behaviour of the lines in question to the Zeeman effect.^ 


^ l*hydk. Zeitschr. 6. 302 (1904). 

See Rmige, Her, d, Physik. Ges, 6. 313 (1904). 



CHAPTER II 

THE KINETIC THEORY OF THE MOLECULE 

General Observations. — In the preceding chapter we have con- 
sidered the properties of atoms ; in this and the following chapter we 
will endeavour to obtain a mental picture of the molecular structures 
which are formed by the union of atoms. 

There are two very different ways which have led to conceptions 
of the molecular world. 

On the one hand, an endeavour was made to derive many 
properties of molecules, and at the same time the properties of the 
substances formed from them, on purely mechanical principles. This 
was originally a purely deductive method ; but afterwards, the 
necessity of bringing the properties of the substance into closer con- 
nection with those of the molecules led to a development of the 
method by inductive reasoning, as is common in all sciences^ We 
regard it as the greatest result of this method of investigation, that it 
makes the nature of heat intelligible by means of simple kinetic 
conceptions. 

On the other hand, the study of the innumerable carbon com- 
pounds led to thorough conceptions regarding the arrangement of the 
atoms in the molecule. The conjectures which at first were vague, 
soon assumed tangible form, and supported the work of investigators 
so effectively that the fears that the hypotheses involved were too 
daring, became groundless in view of the undeniable results to which 
the hypotheses led : in this way arose structural chemistry and its con- 
sequence, stereo-chemistry. 

In this chapter wc will consider only the more physical side of the 
molecular theory, and on account of the limited space only the more 
important subjects will be noted. It should be noted, as a matter of 
historical interest, that as early as 1740 Daniel Bernoulli developed 
conceptions regarding the behaviour of gases which were essentially 
identical with the views now universally entertained ; but it was not 
till 1845 that J. J. Waterson presented before the London Royal 
Society a paper containing a very happy and complete development of 
the kinetic theory of gases. Unfortunately the paper at that time 
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was not printed, and its publication was accomplished only lately by 
Lord Rayleigh,^ who found it in the archives. Thus it happened that 
Kroeiiig in 1856, and Clausius in 1857, independently developed 
essentially the same views. After the fundamental ideas were thus 
clearly established, Clausius, Maxwell, Boltzmann, O. E. Meyer, van 
der Waals and others participated in the further development of the 
theory. 

For the literature see 0. E. Meyer, Kinetic Theory of Gases, in which 
weight is laid on simplicity of presentation and experimental proof ; and 
especially Boltzmann, Gas Theory, i. and ii. (Leijmg, 1895-1898), which aims 
rather at the most exact working out of the fundamental hypotheses ; also 
the remarkable work of Clausius, Mechanical Theory of Heat, iii. (Braun- 
schweig, 1889-1891), which unfortunately was never finished. 

The Kinetic Theory of Oases. — This theory represents the first 
successful attempt to explain a number of the material properties of 
substance, by means of simple and clear assumptions on the nature of 
the molecule. The theory starts out by assuming that the molecule 
of a gas is indeed very small, but yet has a certain finite eHendon, so 
that the space occupied by the molecule itself, or by its sphere of 
activity, is very small as compared with the volume occupied by the 
gas as a whole. The molecules are separated by distances which are 
very large in comparison with their own size, and therefore exert no 
marked influence on each other.. Only when they come very close to 
one another do colliding forces appear, and these at once cause them 
to separate ; or, in other words, the molecules conduct themselves on 
collision like absolutely elastic bodies. 

Let us consider the path of any selected molecule \ this will con- 
tinue to move with a certain uniform velocity, since it is not subject 
to the action of any force, until it collides with another molecule. 
After rebounding from this, it will, as a rule, move with a uniform 
velocity, but changed in direction and magnitude, till there follows 
another collision, etc. The path of a molecule will be a zigzag, the 
separate parts of which will be traversed with a velocity varying 
about a certain moan value. Thus the length of the “free path,’’ 
Le, the path traversed without colliding with any other molecule, is 
constantly subject to change ; but when the external conditions are 
maintained constant, it varies about a definite mean value, the so- 
called “ moan free path.” 

The mean kinetic energy of the motion of translation of any particular 
molecule amounts to ^ u^ if “ m ” denotes its mass and “ u ” its 

mean velocity. But besides the energy of the motion, the molecule 
has a certain internal energy which is given by the kinetic energy 
both of the rotatory motion of the molecule, and also of the vibration 
1 Phil Trans, 183, 1 (1892). 
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of the atoms composing the molecule. The internal energy of a 
molecule is also assumed to be by no means constant, but to vary, in 
the course of time, about a certain mean value. 

^That pressure under which an enclosed volume of gas stands, and 
which it conversely exerts on the walls of the enclosing vessel, can bo 
at once calculated from these assumptions without knowing anything 
more. It is caused by the blows of the molecules on the walls of the 
vessel as they strike and bound back from it ; and it is obvious that, 
other things being equal, the number of these blows is proportional to 
the quantity of the molecules in unit volume, i.e, to the density of the 
gas. But this only amounts to saying that the pressure exerted by 
an enclosed quantity of gas must be inversely proportional to the 
space occupied by it, wkicA explains tlie Boyle- MarioUe law (p. 38)^ 

In order to calculate the pressure quantitatively, let us suppose a 
cube, the content of which represents unit volume, and the sides of 
which therefore represent unit area, to contain any selected quantity 
of a simple gas ; let the mass of one molecule of the gas be “ m,” and 
the number of molecules be N ; then the density of the gas will be 
represented by the equation 

mN = p. 

The moan square - velocity u^ of the molecule determines the 
pressure exerted, as is easily seen ; for both the force and the 
frequency of the blows of the gas molecules depend upon it. A 
molecule striking in a direction normal to a cube face will be throw’n 
back in a reverse direction, but with the same velocity, and its 
momentum therefore changes sign ; the total change in momentum 
caused by the collision being 

2mu. 

Now if we denote the number of molecules striking the cube wall 
in unit time by v, then the pressure exerted on unit of surLico 
amounts to 

p = 2mur. 

In order to calculate v, let us imagine the inegular movement of 
the molecules to be arranged in order, for an instfint ; and during this 
time, let them all move in the same direction, at right angles to one 
of the sides of the cube, and with the mean velocity u ; then during 
this movement the number of molecules which will bound back from 
the wall, provided the external conditions remain constant, will bo 

Nu, 

and it is obvious that during this time this wall only will bo subjected 
to the total pressure exerted by the gas. But, as a matter of fact, this 
total pressure distributes itself between the six cube faces in the 
movements actually taking place ; then in reality we shall obUin ^ 

1 This conclusion can really be based upon more satisfactory reasoning (p. 207 of the 
above-quoted work of Boltzmann). 
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Nu 
6 ’ 

and the pressure sought therefore will be 

p = ^Nmu* = gpu*. 

From this equation we can calculate the mean velocity u for all 
sorts of gases. For example, let us consider a quantity of hydrogen 
enclosed in 1 c.c. at O'* and under atmospheric pressure ; the weight 
of this amounts to 0*00008988 g. and the pressure exerted by this 
upon 1 sq. cm. amounts to 1033*3 g. weight, or 1033*3 x 980 6 
absolute units (980*6 = gravity acceleration). 

Thus the value of u is found to be 


u 


0 



1033*3 X 980*6 
0*00008988 


= 183,900—. 

sec 


According to this the hydrogen molecules move with a velocity 
which averages about the enormous mean value of 1*84 kilometres per 
second. Since, according to Avogadro’s rule, p is proportional to the 
molecular weight M, we can find the velocity for other gases by the 
formula 


Uq= 183,900 


V 


2*016 cm. 
M sec. 


261,100 

VM 


Wo observe that u is independent of the pressure ; but u increases 
with increasing temperature ; and since p is i)roportional to the 

absolute temperature, then tJie viean kinetic energy of the translatory 

motion^ is propoiiitmal to the absolute temperature ; and conversely the mean 
kinetic energy of the molecules of a gas is a measure of the temperature. 


The Rule of Avogadro. — Let us compare two different gases at 
the same temperature and pressure ; and let us denote by N^, m^, and 
iq the number of molecules in unit volume, their mass, and their moan 
velocity respectively for one gas, and similar values for the other gas 
by N.,, rag, and Ug respectively ; then the common pressure p of both 
gases, by the formula above, must amount to 

P = -3^1™iV = |n2II1sjU32 . . . (1) 

Now, experiment shows that by mixing different gases at the same 
temperature and pressure, there occurs no change of pressure or 
temperature ; the different molecular species preserve their kinetic 
energy unchanged after the mixture. We might make the very 
improbable assumption that one kind of molecule gains as much 
kinetic energy as the other loses, on mixture ; but even this assump- 
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tion is contradicted by experience, for each gas in a mixture exerts 
(e,g. on a semipermeable partition) the same pressure as if the others 
were not there, and that would not be possible if the addition of 
another gas affected its kinetic energy. Hence the mean kinetic 

energy of the two kinds of molecules after mixing is or 

respectively. But as the two gases are in thermal equilibrium they 
must have the same mean kinetic energy, else according to the laws 
of collision of elastic spheres, an interchange of energy would occur. 
Therefore we find that 

2*"iV=2“A'' • • • • (2) 

and accordingly from (1) and (2) 

N, = N2 .... (3) 

That iSj unit volumes of all the different gases^ at the same temj^eralure 
and pressure^ contain the same number of molecules ; or the molecular weights 
of gases have the same ratio to each other as their densities. Thus the hiw 
of Avogadro follows from the standpoint of the kinetic theory, a result 
of fundamental importance for physical chemistry, since its conclusions 
are largely based on Avogadro^s law. 


Specific Heats. — As already pointed out, the heat content of 
1 mol. of a gas having the molecular weight M, consists of the 

energy of the progressive motion of the molecule ^ = 9 

energy of the internal movements of the molecule. If we denote the 
increase of the internal energy per degree of temperature by E, then 
the specific molecular heat at constant volume. Cv (see p. 42) will be 

1 u^ 


and the specific molecular heat at constant pressure will bo 

in which 




pv 
T“ T 


refers to the external work performed. The ratio of the two specific 
heats is given by the equation 



i u^ 



202 


THEORETICAL CHEMISTRY 


BK. II 


Inasmuch as E, from necessity, has a positive value, k must always 

be less than ~ = 1 -667 ; and k approaches this limiting value only when 

K is very small. If, on the other hand, E becomes very great, then 
k approaches the value 1. These anticipations are most perfectly 
established by experiment, as the following table shows : ^ 


Gas 



k 

Temperature. 

Mercury . 



1-666 

any 

Oxygen . 



. 1*400 

18® 

Nitrogen . 



1*402 

18® 

Chlorini! . 



. 1*32 

18® 

Carbon clioxi<Io 



. 1*31 

0° 

Water vapour 



. 1*33 

60® 

Ammonia . 



1*30 

1 8 

Ethyl ether 



. 1*06 

16® 


Only for monatomic gases (in agreement with the kinetic theory) 
is k independent of the temperature, and therefore Cp and Cy also, 
since 

k = ^‘’,C„-Cv= 1-985. 


In other cases Op, and therefore also Oy, increases ; or in other 
words, k increases with the temperature. 

Only in the case of mercury, in which k was measured by Kundt 
and Warburg 2 by the “dust figure” method (p. 49), does the ratio of 
the specific heats reach its upper limit ; but mercury is a monatomic 
gas, and it was therefore to be expected a jniori that, in this case, the 
internal kinetic energy would have an infinitesimal value compared 
with the energy of progression, and further that its temperature 
coefficient K would be negligible. This brilliant coincidence between 
anticipation and experiment is one of the most beautiful results of 
the kinetic theory of gases. 

In case of the other gases studied, k is always smaller than 1-667, 
and in general it falls below this upper limit, ia. the internal energy 
is larger as compared with the external energy, just in proportion as 
the number of atoms in the molecule increases ; and this is in accord 
with the theoretical explanation, that as a molecule becomes more 
complicated, a greater fraction of the heat introduced will be used in 
increasing the kinetic energy of the atoms in the molecule : thus in 
the case of ethyl other, the relative difference between the specific heats 
is very small in comparison with their absolute magnitudes. 

Tlie molecular heat at constant volume may thus be calculated for 
monatomic gases, for which E = 0, in absolute measure ; it is 


Oy 


M 

2 T’ 


But u2 = 


(261,100)2T 
“ 2 T 3 X M~’ 


1 See tbe critical summary hy Kciitel, Diss.^ Berlin, 1910. 
« Pogy. Ann. 167. 353 (1876). 
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therefore = absolute units 

22 X ^7o 

^ (261,100)2 .^2.981 cal. 

2 X 273 X 41-89 X W 

Dii*ect measurement of 0^/0^= 1*666 for mercury vapour, together with 
the relation ~CV = 1*986 (p. 46), gives C,, =2*980. The remarkable 
agreement of these numbers is, of coui*se, only another version of the test of 
theory already given. Lord Rayleigh, it is well known, found the ratio 
of the specific heats 1*667 for the newly discovered gaseous elements, helium, 
argon, etc., from which, by analogy with mercury, they were concluded to 
be monatomic. This is in accord wdth their position in the ‘ pericKlic 
system (p. 180). 

Theory of Degrees of Freedom. — Assuming, therefore, that the 
energy content of monatomic gases is entirely energy of progression, 
we hfive 

1 3 

Cv = = -11 (from preceding paragraph). 

Now the movement of a point-mass in space can be determined by 
three space co-ordinates ; the mass, therefore, possesses three degrees, 
of freedom. As all directions in space are equal, the mean energy 

H 

content of an atom in any direction is -T > f-he molecular heat is 
H 2 

therefore _ per degree of freedom. It is natural to generalise this 

result, and to assume that a similar amount of energy corresponds to 
every possibility of motion in heat equilibrium. The mean energy 
content of any molecule could then be calculated if we were acquainted 
with its mechanical behaviour. 

If, for example, we assume that oxygen consists of two atoms 
strongly attached to each other, then we can assume that there is 
no rotation about an axis joining the two atoms, since monatomic 
molecules possess no energy of rotation ; but, on the other hand, 
rotation is possible about two axes perpendicular to the first axis and 
to each other. It follows that 

C^ = |r= 4-963, Cp = ^-E=6-95, ^■’= 1-400. 

This value is actually found, not only for Og, but also for Ng, Hg, CO, 
HCl, etc. 

In the case of triatomic rigid molecules, which have three possi- 
bilities of rotation, we should get 

Cv = = 5-955, Cp‘= 7-94, = 1-333. 

This is the exact value for water vapour, and though the value for 
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other gases is lower, we can explain this by the assumption of energies 
of vibration, which would also account for the anomalous value for 
diatomic chlorine. 

It cannot, therefore, be denied that experiment supports the 
principles of this theory very well ; on the other hand, there are other 
facts which contradict the theory completely. , 

The principal weakness of the theory is that it demands that the 
molecular heats of all gases (which are in a sufficiently dilute state for 
us to be able to ignore work done against the forces of cohesion) 

should be simple multiples of ; in other words, it does not allow for 

any steady change with the temperature. .We know, however, by 
experiment that the specific heats of all di- and polyatomic gases 
increase regularly with the temperature. 

It has always been inexplicable to me that investigators of the 
first rank like Maxwell, Boltzmann, W. Gibbs, who worked out the 
theory of degrees of freedom (also called “ equipartition of energy ”) 
with great brilliance, and incidentally developed a new method, that of 
“statistical mechanics,” should have shut their eyes to the fact that 
the consequences of the theory were in many ways absolutely contra- 
dictory to experience, and that, therefore, the fundamental principles of 
the theory were wrong. 

We shall consider the most recent theoretical investigations of the 
subject in the next chapter. 

The Mean Length of the Free Path. — The kinetic theory of 
the gaseous state has in a similar way led to a clearer conception con- 
cerning a number of other properties of gases, and in particular has 
thrown light upon the p'operties of dijfnsion, internal friction^ ami 
conduction of heat. All of these properties can be explained by the 
backward and forward motion of the gas molecules ; these motions 
cause the impinging layers of gases of different composition to mingle 
with each other (ordinary diffusion) ; they also bring about the equalisa- 
tion of the different velocities of the various gas molecules (internal 
friction), and thus effect the exchange of kinetic energy (conduction of 
heat). These three properties appear to be very closely related ; we 
may define the first as the diffusion of matter, the second as the 
diffusion of momentum, and the third as the diffusion of kinetic 
energy (heat).^ 

Each one of these three processes has a very close dependence 
upon the “ mean free path,” L, of the molecule, whicTh, according to 
Claiisius, is calculated to be 



^ See Maxwell, Theory of Heat^ chap. xxii. 
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where we denote by X the mean distance of the supposedly spherical 
molecules ; by A®, the cube which in crossHsection contains a molecule ; 
and by s, the distance of the centres of gravity of two molecules on 
collision, i.e. when at the nearest approach that they can make to each 
other. The free path is inversely proportional to the number of mole- 
cules in unit volume, i.e, it is inversely proportional to the density of the 
gas. In deriving this formula, it is presupposed that s is small com- 
pared with L, and also that the same (mean) velocity of progressive 
motion is to be ascribed to the molecules. If we do not make this 
last assumption, then in the preceding formula, accoixling to Maxwell, 
in establishing his law of distribution, we obtain instead 

4 

of - ; (ie. 1*41 instead of 1*33). 

o 


The first determination of a mean free path was mjide by Maixwell 
(1860), who obtained for the value of ?/, i.e. the internal friction of a 
gas, the equation 


T 

) 


TT 


12 

where /> dc!iotes the density, and - -u denotes the mean velocity cal- 

1 O 

ciliated from the law of distribution. Later, the mean free path was 
ciilculated from the conductivity of heat (Maxwell and Clausius), and 
from the diffusion of gases (Maxwell and Stefan), and in all cases the 
values found by these different methods coincided with each other, 
at least approximately. 

Thus 0. E. Meyer ^ calculated these values at 20'', and 760 mm. 
pressure, for the following substances : 

L 

Hydrogen ...... 0*00018.^» nmi. 


Methane 
Carbon monoxide 
Carbon dioxide 
Ammonia 


0*000085 

0*000098 

0*000068 

0*000074 


Tlie Maxwell law of distribution is this : out of N molecules of a gas, 
the number whose velocity lies between v and v + dv at any moment is 

^27 Nv2 

e dv ; 

11 J » 




8 


where u is the molecular velocity already calculated (p. 200), and thus 
expresses the velocity corresponding to the mean kinetic energy of the 
molecules. The chief fault of this law is that its complexity makes it 
almost impossible to carry out extensive numerical calculations based on 
kinetic concepta 

Thus the theory of neither thermal conduction nor diffusion can be 


^ KinetUche Theork der Qate^ BrcHlau, 1877, p. 142. 
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regarded as complete. The only certainty is that the coeflQcient of heat 
conduction K takes in the kinetic theory a form 

K = iCl/Cy, 

whore k is a numerical factor (probably depending on the ratio of the 
specific heats), and Cy is tlie specific heat of the gas. This relation is proved 
by Schleiermacher (TFeid. Ann. 36. 1889, p. 346). 

The following remarkable result is due to Maxwell L being inversely 
proportional to tlie density of the gas, the viscosity r/, and consequently the 
thernial . conductivity K, is independent of the density. Unlikely as this 
ajqiears at first sight it is fully confirmed by experience. No one who 
grasps the order of these thoughtful conclusions and their exact experimental 
confirmation would decide to give uj) the kinetic theory until some other 
self-contained theory of the phenomena appears. 

Vor two gases of equal molecular weight and equal viscosity the 
coefficient of diffusion is found to be 



e.y. 00.^ and NO 2 gave 0 089, whilst the calculated value from 7/ = 0*000 160 
and p = 000 195 is 0082. The general theoretical treatment of gaseous 
diffusion involves great difficulties (see the above-mentioned work of 
Boltzmann quoted on p, 198. 

Theory of the “Ideal” Gas. — We have seen in the foregoing 
paragraph that the transfer of heat between two parallel plates of 
different temperature immersed in a gas is independent of the density 
of the gas. Obviously this gas law must fail when the density is very 
small, for otherwise we should arrive at the absurd result that a 
transfer of heat (a])art from radiation) would take place if no gas at 
all was present between the plates. 

The above result is, in fact, a development of the theory of the 
“ mean free path,” and this theory loses its significance when the 
gas is very dilute. Under these conditions the number of collisions 
of molecules with the two plates between which the transfer of heat 
is tfiking place is very great in proportion to the number of collisions 
between the molecules themselves, and hence the transfer of heat 
cannot be independent of the number of molecules between the plates, 
but rather must eventually be directly proportional to the number. 

The relation between conduction of heat and concentration of the 
gas must, therefore, be as follows. If the number of molecules is small, 
and the mean free path large in proportion to the distance between 
the plates, the conductivity for heat must rise from zero at first pro- 
portionally to the density of the gas, then more slowly, when the two 
lengths are commensurable ; and finally when the number of molecules 
is so large that the mean free path is small compared to the distance, 
the conductivity will be independent of the density. 
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The investigations of Smoluchowski,^ and more recently of 
Knudsen,^ have completely established the truth of those considera- 
tions; it is not only the conductivity for heat but also the rate 
of effusion, the so-called radiometer pressure, the viscosity, and the 
equilibrium between two gases at different temperatures, which change 
anomalously when the pressure gets so small that the moan free path 
of the molecules is small compared to the dimensions of the apparatus. 
As the conditions are then in many ways much simpler than when the 
molecules collide with each other much more frequently than with the 
walls of the containing apparatus, it seems to me that a gas under such 
conditions might well be called a “perfectly ideal gas. 

It may be added that Kiiudsen was able to obtain a direct ex- 
perimental proof of Maxwell’s law of distribution ; further, that he 
showed that if a molecule collided with a wall, any direction of 
rebound was ecpially probable ; also, that only a partial exchange of 
heat took place when the gas and the wall were at unequiil tempera- 
tures. He also constructed some very interesting apparatus. The 
further study of those phenomena would appear to be extremely 
valuable both for a deeper understanding of molecular forces and a 
knowledge of the energy content of a gas at very low temperature, 
besides a series of other important questions. 

Kinetic Theory and Heat. — The preceding developments of the 
kinetic theory have led to an extremely simple conception of the 
nature of heat. The heat content of a body, in whatever sUite of 
aggregation, is given by the total kinetic energy of its molecules ; the 
kinetic energy is made up of the energy of motion of the molecules 
(or rather of their centres of gravity) and of their internal energy ; 
the latter includes both the energy of rotation of the whole molecule, 
and especially all the energy of vibration of the atoms composing the 
molecule. The external energy of all substances, whether gaseous or 
otherwise, increases with the temperature ; at absolute zero ( - 273'") 
the motion of the molecules ceases — the material undergoes the 
“heat death.” The irregular motion of molecules, which corresponds 
to the heat- content of a substance, does not therefore differ in 
principle from the regular motion of a body ; for example, from a 
motion where all the molecules of a body are displaced with the same 
velocity and in the same direction through space, the body thus being 
moved as a whole. 

From a purely practical point of view, however, there is a very 
great difference — for example, when we wish to apply the kinetic 
energy of a substance in regular or irregular motion to the production 
of work. For imagine kinetic energy to be supplied in two ways to 
a given body : first in the form of regular motion, when the body as 

^ Wiedvtnanns Annalm 04 . 124 (1898). 

* Annalm dm Physik [4], 28 . 75 (1909) and following yeaiH. 
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a vrhole will receive a certain definite velocity of progression or 
rotation ; and secondly in the form of irregular motion (heat), when 
the separate molecules of the body are given velocities of progression 
and rotation which differ in magnitude and direction, or, in other 
words, when the temperature is raised a certain amount dependent on 
the specific heat. It is not difficult to convert the first kind of energy 
into work, or to apply it to heat another body ; up to the present, 
however, it has been found quite impossible to convert the total 
energy of the irregular motion into a given amount of work, to trans- 
form it, for example, completely into the energy of progressive motion 
of another body. This could be, of course, easily accomplished by a 
being able to take away from each separate molecule its energy of 
motion, just as we can take away the energy of motion of a sufficiently 
largo body, although not from molecules which are imperceptible to 
our senses. If we cool the original body by means of suitable inter- 
mediate substances, and thus remove the imparted heat, we can at any 
rate partly convert the latter into energy of progressive motion. 
In this way the kinetic theory gives us a clear idea of the mutual 
convertibility of heat and external work, and just as the first law of 
the mechanical theory of heat, namely, the indestructibility of matter 
and equivalence of heat and work, follows at once from the kinetic 
conception of heat as kinetic energy, so the marked difference (in the 
present state of experimental art) between the values of kinetic energy 
of regular (microscopic) and irregular (molecular) motion leads to the 
law of limited convertibility of heat into external work — t.^. the 
second law of the mechanical theory of heat. 

The second law was derived from kinetic conceptions by Boltzmann (see 
his book, mentioned on p. 198). It is extremely important to notice that by 
this, means we can arrive at a fairly clear form of the entropy function 
iiieiitioiied on p. 27. Boltzmann showed, namely, that the entropy of a 
(jas is proportional to the logarithm of the probability of its condition. Every 
isolated system naturally tends towards the most probable condition, and 
hence in every spontaneously occurring and irreversible change, the system 
will pass from a condition of small, to one of higher, pi’obability. Boltz- 
mann’s law shows clearly that entropy must increase in every irreversible 
process (p. 27). 

In recent times the kinetic theory lias received strong support from the 
detailed investigations of the so-called Brownian movement In the year 
1827, the English botanist Brown {Edin. Phil. Jour. 6. 358 (1828), Phil. 
Mag. 4. 101 (1828), 6. 161 (1829)) found that very small particles suspended 
in a liquid are subject to peculiar vibratory movements. This phenomenon 
was afterwards observed by a number of investigators ; Zsigmondy showed 
that it was common to all colloidal solutions (chap, xii.) ; he observed 
further that ^en the particles were extremely small (with diameters less 
than about 4 /z), they undergo basides the vibi-atory a translatory motion, 
which is mure pronounced the smaller the particle. The cause of the 
phenomenon was for a long time not understood, although different authors 
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had supposed it to depend on the heat motion of the molecules. An exact 
kinetic theory was first developed by Einstein in 1905 {Ann, d. Physik [4], 
17 . 549 (1905); 19 . 289 (1906); more simply in Zeitschr, f. ' Elektrockeni, 
14 . 235 (1908)); this enabled the phenomenon to be quantitatively 
examined, and its causes to be definitely determined. The results of the 
theory were tested in various ways; Svedberg, for example {Zeitschr, /. 
Elektrochem, 12. 853 (1906)), investigated the connection between the 
amplitude of the suspended particles and the viscosity of the solvent ; Seddig 
{Physik. Zeitschr. 9. 465 (1908)) determined the infiiience of the temperature 
on the magnitude of the amplitudes : by using values found by other 
methods for the absolute size of molecules (chap, xiii.) a satisfactory agree- 
ment with experiment was obtained. It can tberefore be taken as proved 
that the Brownian movement is caused directly by the heat motion of the 
molecules. From this point of view, we must assume that a particle 
suspended in a liquid receives impulses on all sides from the rapidly moving 
molecules of the liquid. 

Accoi’ding to the theory of probability, the resultant of all these forces 
will not in general be zero ; the particle will therefore be set in motion, and 
the smaller it is, the fewer molecules will hit it simultaneously, and there- 
fore the less will be the probability that the resultant of the forces is zero ; 
hence the smaller the particle, the more lively is its motion. 

The Brownian movement gives us, therefore, to a certain extent, a rough 
picture of molecular motion ; we cannot follow the motion of a single 
molecule of the liquid, but we get an idea of the comldned action of a large, 
but certainly finite^ number of these molecules. 

The Brownian movement gives us a i>ossible way of converting heat into 
work, in contradiction to the second law ; for invisible irregular motion is 
changed into visible regular motion. Of coume we can only talk of regular 
motion when we consider only one, or at any rate very few suspended 
particles ; when this number exceeds a cerUin amount, the motion is 
altogether as irregular as that of the molecules themselves. But it is of 
interest to note that the Brownian movement indicates the lower limit of 
the validity of the second law, which loses its importance (for sufliciently 
short times) even in sjpaces large enough to be Kisily comprehended by our 
senses with the help of optical instruments. 

There is still another way by which we have recently obtained ocular 
demonstration of the irregular movement of molecules. On the basis of 
Maxwell’s law of distribution, we must assume that different points in a gas 
are at different temperatures (velocity of molecules), have different densities, 
etc., provided that a sufficiently small space is under consideration. These 
irregularities can only be demonstrated under special conditions, namely, in 
the neighbourhood of the critical point (cf. 65) {v. Smoluchowski, Ann. d. 
Phys. [4], 25. 205 (1908)). In a gas, for example, which is under its critical 
pi*e8sure, and at a temperature only slightly above its critical temperature, 
there will be small spaces in which the temperature will be so far under the 
mean value, that the critical point is reached, and local liquefaction takes 
place. This partial liquefaction at a point just above the critical point is 
shown by cloud formation, or opalescence, and has, in fact, been long observed 
by different investigators. Conversely, when a liquid is warmed to the 
^ P 
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critical point, it becomes turbid just before the meniscus vanishes, for, owing 
to the irregular velocities of the liquid molecules, the conditions for the 
gaseous state become realised at isolated points. 

In the face of these ocukir confirmations of the kinetic theory of the 
molecular world, we may well acknowledge that the theory begins to lose its 
hypothetical character. 


The Behaviour of Gases at Higher Pressures. — When we 
reduce a gas, by the application of great pressure, to a density 
comparable to that of the liquid state, the gases repudiate the gas 
laws entirely (as was shown on p. 53), and we are met with the 
important problem of accounting for the necessary modifications in 
the latter. This was studied with extraordinary success by van der 
Waals;^ his theoretical explanation of the deviations, shown by 
strongly compressed gases, from the Boyle-Mariotte law, has given in 
a surprising way an indication of the nature of the liquid state. 

The accepted view of the kinetic gas theory serves as the guiding 
idea. In ascribing the pressure exerted by the gas on the walls to 
the bombardment of the molecules in their backward and forward 
movement, two assumptions were made : firstly, that the whole space 
of the enclosing vessels is utilised by the moving molecules, or, in 
other words, the volume actually occupied by the molecules is very 
small in comparison with the whole volume ; and secondly, that the 
molecules exert no very great reciprocal action on each other. These 
two assumptions, of course, would be realised at a great attenuation 
of a gas, and they would become less exact the nearer the molecules 
were brought together. Thus it is necessary to introduce the influence 
of these two factors into the gas equation 

pv = KT. 

We must, under all circumstances, hold fast to the assumption 
that the kinetic energy of the translatory motion of the molecule is 
proportional to the absolute temperature, and is independent of the 
particular nature of the molecule in question. Then a spatial ex- 
tension of the molecules will cause a contraction of their “ play space,’' 
and they will strike the wall so much the oftener. In consequence of 
this, the pressure exerted will be greater than that calculated from the 
gas formula, and, indedd, the pressure will be increased in the same 
ratio that the mean free path is shortened from the spatial extension 
of the molecules. In this way van der Waals found that, as a result 
of the increase of the volume of the molecule, the pressure would 

apparently increase in the ratio where “b,” the so-called 

^ Kontimdtiit der gasformigen nnd Jliissigen Zustandes. German trans. by F. Roth. 
Leipzig, 1881 ; 2ncl ed., Leipzig, 1899. 
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“ volume correction/’ is fourfold as large as the volume of the molecules. 
Apparently “b” diminishes somewhat when the molecules are very 
close to each other ; but the important question of the rate of decrease 
needs further study. 

Moreover, there are attracting and repelling forces active between 
the molecules as they approach each other in compression. From the 
experimental fact, discovered by Joule and Thomson (1854), that 
strongly compressed gases are noticeably cooled by expansion which 
takes place without doing work against external pressure, it is to be 
inferred that the expansion performs work against the action of 
molecular forces, Le. the molecules attract each other. Therefore we 
must ascribe a certain cohesim to gases also, and this will be the more 
noticeable the greater their density. Kegarding the mode of action 
of this molecular attraction, many facts lead in common to the con- 
ception that these forces are active only when the molecules are vet'y near 
each other^ and that they quickly vanish on their separation from each 
other. The fact that the gas molecules do not agglomerate into one 
mass in spite of their attraction, and of their being separated by only 
empty space, must be ascribed to the heat motion which resists a 
diminution of volume, and acts like a repulsive force. Thus likewise 
the moon, though attracted to the earth, does not fall upon it, because 
its centrifugal force, resulting from its circular motion, reijists the 
attraction, and exactly compensates it, at least in finite time. 

A molecule in the interior of a gas mass experiences, on the whole, 
no attractive force, because the molecules are distributed around it in 
homogeneous density, while a molecule existing in the surface is 
attracted inwards. This attraction acts against the momentum of the 
blow with which the molecules strike the wall ; tJm from the molecular 
attraction there results a diminution of the pressure acting outwards. 
Without a knowledge of the law governing the decrease of molecular 
attraction with distance, we may make the following remarks on the 
relation between this diminution of pressure and the density of 
the gas. 

If we consider a part of the surface, then the force attracting it 
inwards will be proportional to the number of molecules in the 
interior, i,e, to the density of the gas ; but, on the other hand, this 
force is also proportional to the number of molecules existing in the 
part of the surface considered, and this also increases with the density ; 
hence the attraction sought vaiies directly with the square of the density^ or 
inversely with the square of the volume of the gas mass. If we denote by 
Pq the pressure of the gas, corresponding to its density and the kinetic 
energy of its molecules, and by p the effective pressure of the gas 
mass as actually measured by the manometer, then we have — 

Po-p = K = .^, 
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where ** a ” denotes a constant which refers to the molecular attraction 
of the gas, and where K denotes the molecular pressure. 

The Equation of van der Waals. — If we introduce into the 
gas equation (p. 40), in place of the volume occupied by the gas mass, 
the volume corrected for the space actually occupied by the molecules, 
and instead of the pressure actually exerted by the gas mass, the 
pressure which would exist if there were no molecular attraction, then 
the equation assumes the form 

(p + ^,)(v-b) = ET. 

This is van der W aals’ charactensiic equation^ which also applies to the 
liquid state, as will appear in considering the kinetic theory of liquids. 

Now the formula given above with three constants shows, in a 
remarkable way, the dependence of any given gas mass upon the 
pressure, volume, and temperature. If we consider the case where a 
gas is compressed at constant temperature, experiment shows that 
Boyle’s law holds good for large volumes ; and, as a matter of fact, 
for large values of the volume v, both the corrections are infinitesimally 
small. As we pass over to conditions of greater pressure, gases in 
general are compressed more easily than they should bo to correspond 
with Boyle’s law ; this is explained on the supposition that in com- 
pression the molecules are drawn more closely together by their 
attractive force, which thus tends to aid the action of external pressure. 
At very groat compression, on the other hand, gases resist a diminu- 
tion of volume more strongly than they should to correspond with 
Boyle’s law; the reason for this is, on the one hand, that, with a 

slight change of volume, the quantity ^ increases very slowly ; and, 

on the other hand, the “ volume correction,” which acts in the sense 
just considered, begins to be an important factor, and becomes more 
so the nearer “v” approaches ‘*b” by compression. 

Amagat found (p. 53), in a series of gases (nitrogen, methane, 
ethylene, and carbon dioxide), that the product pv, instead of remain- 
ing constant as it should, according to Boyle’s law, at first began to 
decrease, and afterwai-ds increased very strongly : this is very well 
explained by the formula of van der Waals. 

A picture of the degree of quantitative coincidence is shown in 
cno following tiible, in which are given the values of pv as calculated 
by Baynes ^ for ethylene according to the formula 

/ 0*00786\, 

(P ^^2 — - 0*0024) = 0-0037(272*5 + 1), 

and the corresponding values of pv observed by Amagat : — 

^ van der Waals, lx, 101. 
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Table for Ethylene 



1000 pv 


1000 pv 

p 

Ohs. 

Calc. 

P 

Obs. 

Calc. 

31-58 

914 

895 

133-26 

520 

520 

45*80 

781 

782 

176-01 j 

643 

642 

72-86 

416 

387 

233*58 i 

807 

805 

84-16 

399 

392 

282*21 1 

941 

940 

94-53 

413 

j 413 

329-14 1 

1067 

1067 

110-47 

• 

454 

456 

1 

398-71 i 

i 1248 

1254 


The pressures are estimated in . atmospheres ; the measurements 
are referred to t = 20°. 

But hydrogen, which Regnault called a “ more than perfect gas 
{(jaz plus que parfait), shows at the very first that, at ordinary tempera- 
tures,^ it resists compression more than corresponds to Boyle’s law, 
at least in the region thus far covered by experiment ; thus if p = 2*21 
and Pi = 4*431 m. of mercury pressure, we obtain 

= 0-9986. 

Pi^i 

It follows from this that even at these low pressures the volume 
correction of this gas is of greater influence than the molecular 
attraction. 

Finally, it must be emphasised that the van der Waals’ formula 
may claim to hold good only when the gas experiences no change in its 
molecular condition as its volume changes ; for the theory advanced above 
provides that the molecules, even under the highest degrees of con- 
densation, must remain single individuals, and not unite to form 
larger groups. It cannot be stated a prmi whether or not this 
occurs in particular cases, but the accuracy of the formula makes this 
very probable. Deviations of this sort from Boyle’s law, which are 
shown by certain gases, are to be ascribed to the polymerisation of 
the molecules in the case of an increase, or to dissociation in case of a 
decrease, of pressure ; such deviations, which can reach a value of 
quite a different order of magnitude, cannot of course be explained 
by van der Waals’ equation of condition. The explanation of this 
will be found in the laws of dissociation, in the third and fourth 
books. 

The Kinetic Theory of Liquids. — The views advanced by van 
aer Waals to explain the behaviour of gases under great pressure lead 

^ Wroblewski foiiiHl that at very low temperatures even hydrogen began to show 
evidence of a diminution of the value of pv. — Wimer Monatshefte^ 9, 1067 (1888). 
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to some very remarkable conclusions respecting the liquid condition. 
It has been already inferred from the critical phenomena which make 
it possible to transform the two states into each other without inter- 
ruption (p. 66), that the molecular condition in the two is not very 
different; and, in fact, the following considerations lead also to this 
same conclusion. 

According to the original hypothesis advanced for the case of 
ideal gases, the mean kinetic energy of the translatory motion of the 
molec^e (in distinction from the kinetic energy contained in their 
atoms) is proportional to their absolute temperature, but independent 
of their nature ; this* hypothesis can now be also applied to gases of 
any desired density ; we will next consider the consequences resulting 
from assuming that it also holds good for liquids. 

In the light of this hypothesis, we come at once to the view that 
on account of the great velocity of the molecular movement (p. 200), 
and the very close approximation brought about by the condensation 
of the gas, the molecules must collide with each other very often, and 
therefore must exist under a very great partial pressure. But there 
results from this very active movement a tendency of the individual 
molecules to separate from each other ; this tendency manifests itself 
unmistakably, not only in the vapour pressure, but also in the 
resulting property of liquids of filling a space completely with their 
molecules by way of evaporation; but it seems very small in com- 
parison with the enormous expansive force of gases compressed gradually 
into liquids. The further question therefore at once arises, what 
hinders the liquid molecules, on account of their active movement, 
from separating from each other explosively ? or, in other words, how 
is the enormous partial pressure held in check ? 

An answer to this question may be found by the assumption of an 
attractive force between the molecules which it was found necessary 
to introduce in explaining the behaviour of gases at high pressures. It 
was shown (p. 212) that this force of attraction vanished [Le, was 
counterbalanced] in the case of molecules existing in the interior, and 
manifested itself only in the case of molecules at or near the bounding 
surfeice, inasmuch as the force gave a resultant perpendicular to the 
surface. Now the resultant directly counteracts the expansive force 
resulting from the heat motion of the molecules, and thus appears 
suited to hold this in equilibrium. In general a molecule coming 
from within, to the free surface, will be held back by the molecular 
attraction, and so will be retained within the liquid mass. Only those 
molecules which by chance reach the free surface with a very great 
velocity will be able to free themselves from the control of the 
molecular forces, and thus to evaporcUe, If there is a free space above 
a liquid this will always become filled with its molecules, but it must 
be noticed that the pressure of the evaporated molecules in the gaseous 
state cannot pass a certain maximal limit. For, conversely, those 
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molecules in the gaseous state, which approach too near the surface of 
the liquid, will at once be drawn in by the molecular attraction ; and 
thus there results a continual exchange between the liquid and gaseous 
parts of the system. 

Obviously the pressure of the gaseous molecules can only go on 
increasing till the number of molecules striking upon and retained by 
unit area of the surface in unit time, is the same as the number of mole- 
cules passing from the liquid to the gaseous part of the system through 
the boimding surface ; it is also easily seen that this maximal pressure 
must be independent of the relative amounts of the gas and liquid, 
and therefore corresponds in every respect to the saturation pressure of 
the liquid (Clausius, 1867). 

Only those molecules can evaporate from the liquid which have a 
kinetic energy greater than the mean, since only these can overcome 
the molecular attraction. The mean kinetic energy of the liquid 
molecules must therefore be diminished by evaporation ; that is to say, 
the evaporation is attended with an absorption of heat, which of course 
is in accord with experiment. 

Moreover, the phenomena exhibited by the surface tension of 
liquids (p. 67) can be ascribed to molecular attraction. In order to 
bring a molecule from the interior part into the free surface, work 
must be expended against the attractive force ; it follows directly from 
this that a force must bo overcome in order to produce a free surface, 
namely, the surface tension, and that the free surface of a liquid tends 
to reduce itself to a minimum. 

The way to obtain quantitative results from the preceding con- 
siderations is obvious. The following formula of van der Waals 

(pV.)(v-b) = RT 

holds good both for a simple homogeneous gas and for a simple homogeneous 
liquid. In both cases a refers to the molecular attraction ; 1) refers 
here to the correction to be made for the total volume of the liquid, 
resulting from the contracted ‘‘play space” of the molecules. Now 
the constants a and b can be determined from the behaviour of gases 
under high pressure, and thus the theory leads to the surprising 
result, that from the behaviour of the gas as a gas we can quantita- 
tively derive its behaviour when it is condensed into a homogeneous 
liquid. 

Let us test the requirements of the preceding law by some special 
practical example. Thus van der Waals, from the compressibility of 
gaseous carbon dioxide, calculated the value of a to be 0*00874, and 
b, 0*0023, when the atmospheric pressure is the unit of pressure, and 
the unit of volume is the volume containing 1 g. of a gas at 0° and 

under 1 atm. pressure. We then have mol of gas and 
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(p+ -0-0023) = |t. 

If W 0 make p and v both equal to one, then T will equal 273, and 
there follows for ^ the equation 

273 ? = (1 + 0-00874)(1 - 0-0023) = 1 -00646, 
and we thus obtain for the equation of condition of carbonic acid, 

where t denotes the temperature on the ordinary Celsius scale. This 
formula represents very satisfactorily the observations made by 
Regnault and Andrews on the compression of gaseous carbon dioxide. 
Let us also see whether the formula represents the behaviour of liquid 
carbon dioxide. 

For this purpose we will calculate a series of isothermals for 
different temperatures, putting the above equation into the more con- 
venient form 

1-0064:6 273 H-t 0-00874 

0-0023 ’ 273 v*! ’ 

and substituting various values of v, whilst t is kept the same. Thus 
for t = ~ 1 -8 we get 


V 

P 

V 

P 

0*1 

9-37 

0-008 

38-8 

0*05 

17-47 

0-005 

20-9 

0-015 

39-9 

0-004 

42-0 

0-01 

42*6 

0-003 

457-0 


Hero p at first increases with decrease of v, reaches a maximum 
(for about v = O'Ol), decreases, and finally increases rapidly. 

For this purpose we will plot the curves, corresponding to the 
definite temperatures t, on a system of co-ordinates whore the abscissae 
represent volumes, and the ordinates represent the corresponding 
pressures. These curves are the so-called “ isotherms,” and are shown 
in Fig. 18. On studying these we are impressed by the fact that 
above 32*5'^ only one pressure corresponds to one volume, the 
latter is determined unequivocally by the former. But below this 
temperature^ within the limits of a pressure interval (which is marked by 
a heavy curve for the isotherm of 13*1®), for the same particular pressure 
there cmrespond three different volumes. At first glance this would 
appear to be absurd. But we know that at these vapour pressures, 
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and only at these pressures, the same substance is capable of occupying 
two different volumes, one as a homogeneous gas, and the other as a 
homogeneous liquid ; but what is indicated by the third ? Of course 
to suggest the volume of the substance in the solid state is out of the 
question. The van der Waals* formula does not consider this. 

The matter will become clearer by considering this in the light of 
experiment. The behaviour of gaseous and liquid carbon dioxide was 
studied very exactly by Andrews for those temperatures the isotherms 
of which are plotted. Let us consider, for instance, the isotherm 



corresponding to 13*1°. Andrews found, by beginning with small 
pressures and large volumes, that the gaseous carbon dioxide could be 
condensed to volume v^ and pressure pQ, corresponding exactly to the 
path of the curve. The constants a and b, as in the van der Waals’ 
formula, were so determined as to make the compressibility of the 
gas coincide as well as possible with the calculation. That these 
constants may, as a matter of fact, be so chosen has been previously 
shown (p. 213), But when the pressure was made greater than p^j, 
the diminution of volume did not correspond to the pressure of the 
advancing curve a ^ y S c, but there occurred a partial liqu^action, 
corresponding to the vapour pressure of carbon dioxide at 13*1°. The 
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pressure remained constant until the volume of the saturated vapour 
had fallen from to the volume of the liquid v^^, until the whole 
of tlic substance was condensed. 

After this any further diminution of volume wjis attended by an 
increase of pressure, and a very great increase too, as must be the case 
from the magnitudes of the coefficients of compression of liquids. 
Heyond c, Andrews found the path as given by the rest of the curve ; 
l>eyond c, the figures of the formula go hand in hand with those of 
observation, and the rapid ascent of this part of the curve, as com- 
[Vii'cd with that ])art before a, is due to the fact that liquid carbon 
dioxide is much less compressible than the gaseous form. 

The formula rejects only the part of the curve from a to c. 
Instmul of passing from the first point to the second by the seiqientine 
jMith a /S y 8 €, investigation shows that the substance piisses from 
the condition at a to that at e by the direct lino. The formula does 
not hold good here. The subsUince from a to e is not homogeneous ; 
it is jKirt gas and part licpiid. The formula is applicable to both 
gaseous and liquid forms, but it insists th?it each shall bo homogeneous. 
The process of gradual liquefaction is such that the adeepuvey of the 
formula must bo temporarily interrupted, and it is interrupted. 

The (piostion now arises whether it is possible to realise the i>ortion 
of the curve a fS y 8 ie. whether it is possible to change a gas into 
a liquid isothcrmally and continuously. A glance shows this to 
be improbable; for in the iwirt of the curve ft y 8, an increase of 
prcssiiro would bo attended with an increase of volume, and conversely 
a decrease of pressure with a decrease of volume ; thus the substance 
would appear to bo in an unstable form, the realisation of which is 
impossible. 

Hut the first portions of the curves a-ft and 8-c can at any rate 
bo realised. These portions represent respectively the conditions of 
supersaturated vapour a?id of over-hoatod licpiid. In the first cjise, the 
pressure is in fact greater than p^,, and the volume loss than v^ ; and 
there can bo no <loubt that the conditions of a vapour after saturation 
ropre.sent a continuance of those before saturation. Thus the fact that 
the advance of a sound wave in a saturated vapour gives no evidence 
of interruption, shows conclusively that the vapour conducts itself in a 
normal way in the compression associated with supersaturation. On 
the other hand, the part of the curve (-8 expresses the capacity of a 
li(juid for existing in a labile condition under a lower pressure than 
that corresjionding to the vapour pressure of the respective temperature, 
as shown by many observations. 

The further study of the curves plottotl in Fig. 1 8 shows also that 
the three volumes (at which carbon dioxide can exist at the tempera- 
turo in question, and designated by the points a y €, for the temperature 
l.‘Vl®) approach each other with increasing temjierature, and finally 
at the isotherm corresponding to 32 5'' coincide in the point k. If wo 
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cjonnect the points corresponding to a and c, for the other isotherms 
(i.e. the points where liquefaction begins and ends with increasing 
pressure), we obtain the dotted curve shown in the figure. The 
isotherm of 32 '5 is tangential to this i^t the point k. The serpentine 
curve a y 8 € here is crowded together into a point ; the physical 
interpretation of this obviously is that the specific volume of the 
liquid carbon dioxide is the same as that of the gaseous carlx)n 
dioxide condensed to this vapour pressure. Here, and here only, 
is it possible to convert the gas into a liquid continuously and iso* 
thermally, and the reverse ; k cmresjfondti io the critical jtoint of carhmi 
dioxide (p. 66). 

We thus arrive at the conclusion, that hy the aid of the con- 
sbints a and b, of van der Waiils’ formula, all the critical data can be 
obtained. For this purpose we need only to plot a few isotherms 
until we arrive at the clearly marked k, whore the curve portions 
A crowded together in one point of inflection. 

We can obtain the same result more simply and easily hy the 
analytical discussion of the van der Waals’ formula, 


or solved for v : 


(p + y{v-l>) KT.; 


v » ~ /b 




The equation is of the third degree for v. Then if the three roots 
are x^, Xg, and Xjj, wo will have, as is well known, 


(v ~ x^)(v ~ x.^)(v - x^) = 0. 

The roots may be real and imaginary. Of course only the first 
have any physical significance. Since the product of the three (v * x) 
values is real, then either two or none of the roots can be imaginary, 
because it is only by the product of two imaginary quantities that a 
rejil quantity can result. Therefore for one value of p at a given 
temperature there are either one or three values of v. This is seen 
at once from an inspection of Fig. 18 on p. 217. Thus above 32-5 ’, 
in general, for one value of p there is only one value of v. For lower 
temperatures, as at 13*1*^, for example, in general the case is similar, 
and it is only in the interval from Pj to pg that there may be thiee 
values of v for one of p. 

The critical point k sought is that where the three real roots 
become equal to each other, i,e, if denotes the critical volume, it 
m\ist follow that 
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In this equation tt^ denotes the critical pressure, and the critical 
temperature. And since the coefficients of the different powers of v 
must be equal, we obtain the following equations : — 



3</,o-bf 


liB, 


These, when simplified, give 


4*0 “ i 


- a 

”"() ”” 27b‘^ ^ 


bR‘ 


Thus the constants a and b in the equation given above determine the 
critical volume the critical pressure ttq, and the critical temperature 
and in this way are found the co-ordinates and the point k of the 
curve tracing, and also the particular isotherm in which k falls. 

The critical temperature of carbon dioxide was calculated from the 
values for *‘a’^ and ‘‘b,” assumed above, to be 273*’ + 32*5°; while 
Andrews, by direct observation, found 273°-f-30’9^ The critical 
pressure was calculated to be 61 atm., while Andrews found 70 atm. 
by observation ; and the theoretical critical volume was 0*0069, while 
Andrews observed 0*0066.^ 

Of course conversely, a ’’ and “ b can be calculated from the 
critical datfi, a fact of great importance in practical work. Thus the 
fact that the critical data can be calculated so approximately by 
the deviations of gases from Boyle’s law, harmonises with the remark- 
able fruitfulness of van der Waals’ theory, as already mentioned. 

By calculating the molecular volume ^ from the critical data, there 

is obtained the simple result that at their respective boiling-points 
and at atmospheric jiressure ilw molecules of the vwst various lufiids^ 
such as water^ eflier^ carhon (lisulphide^ benzene^ chlor-ethane^ ethtjl acetate^ 
sulphur (liodde, etc., ocenpt/ a space very nearly 0*3 limes the total apparent 
volume. (See Chapter V., Molecular Volumes.) 

Finally, let us calculate the superficial molecular tension K, which 
resists the expansive force resulting from the heat motion of the 
molecules ; from the proce^ling, we have 



Liquid carbon dioxide at 21*5'' takes up about 0*003 of the volume 


' Ouy« aiul Friedricli give u valuable eollection of iiniiierioal data on oritienl |>re8sure.s 
and temperatures (/l/vA. sci. phys. nat. 9 . 505 (1900): reference in Zeitsekr. phys. 
ahem. 87. 3S0, 1901). 
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occupied by the substance as a gas at O'" under atmospheric pressure. 
From this K is calculated to be 970 atm., and this value indicates the 
enormous forces of pressure which are met here. These pressures 
have thus far eluded a direct determination. 


The Reduced Equation of Condition. — The combination of the 
general equation of condition, 

(p+*.)(v-b)-UT, 


with relations derived as al>ove, between the critical daU of a substance 
on the one hand, and the constants “a” and “ )> ” c»n the other hand, 
has led to a very simple result. By introducing into the equation of 
condition the following values derived on p. 220, viz.™ 

a 


b = 


;r 


and 


l» _ ^ . 

/J > 


3 Oa 


then instead of the constfints a, b, and U, there appear the critical <lata, 
thus 




By dividing the left and right si<le of the equation by wo 
obtain 

Vttj) v- /\ il>Q / 0^^ 

Now if we make, as follows : — 


we obtiin 


P. A V 
^0 *r0 'A) 


IVkU is, hif expressing the imssnre, rolumf, and temperature respectixely 
in fractions of the critical pressure, volume, and temperature, the equation of 
condition assumes the. same fmm for all substances. 

If one plots the values of tt and </> for a definite value of $ in a 
system of co-ordinates, where the abscissae represent values of c/», and 
the ordinates values of v, isotherms are obtained similar in form to 
those plotted in Fig. 18 (p. 217), and which will hold good for all 
substances. Thus, for example, for ^=1, when 7r= 1 and </i= I, this 
isotherm passes through the critical point. 
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The pressure divided by the critical pressure we will call the 
rsiluce^l in accordance with van der W aals ; and also the 

reHi)ective (|Uoticrit8 of the volume by the critical volume, and of the 
temperature by the critittd temperature, we will call the reduced volume 
and the redncid temperature. Such reduced pressures, volumes, and 
temperatures, when identical are better called corresponding for short, 
and we may speak of two substances whose pressures, volumes, and 
temperatures “correspond” in the sense of what precedes, as being in 
a corresjtouding state. 

It is not at all easy to form a conception of the boldness of this 
c(]natioii, which claims to express the general behaviour of all homo- 
geneous liquid and gaseous substances, as reganis their changes in 
pressure, temperature, and volume (excepting of course where these 
changes result in a chemical reaction, such as polymerisation, or 
dissociation). Therefore it will be useful to follow out some applica- 
tion of this equation which will serve at the same time as an illus- 
tration and proof. 

Application of the Theory of Corresponding States.— If we 

solve the following cqiuition : — 

for r/j, wo shall obUin 

</* - f(7r, 0)y 

in which the function f is the same for all substances. By raising the 
temperature from 0^ to 0.^, the exj>ansion produced at constant pressure 
TT will amount to 

^'1 ^2) ~ ^i)* 

Dividing both sides of the equation by 

</>i = 

and observing that 



we obtiiin 

^2 - ^ ^2) - ^1). 

Vj f(7r, Oi) 

Hero v^ and denote the specific volumes of the fluid according 
to the ordinary standards, and therefore the quotient 


denotes the percentage expansion of the subsUince on rise of 
temperature. The right side of the equation is independent of the 



Ofl. II 


THE KIKBTIC THEORY OF THE MOLECULE 


223 


special nature of the substance, and therefore the left must he so also ; 
i.c. the j>ercenl(ujc experienced by the mtd divert tiquide <fr parses, 

will be the same when they are heated^ at a atnstant con'e>qHmdiny pressure^ 
from one cttrrespohding temi>erature to another. 

Ry means of this i^elation we can calculate the specific volume of 
any selected liquid at all temperatures, if iU critical temperature, and 
also if its specific volume at some one ten[ij>orature are known, inas- 
much as we can compiire it with any other liquid which is already 
well investigated. Such a litpiid, for examples is rtuor-l>enzene, the 
specific volumes of which have been measured up to its critical point 
((9= 560"). 

Thus the specific volume of ethyl ether at 10" above the freezing- 
point of ice is 1*3794 ; supjKJse that we wish to calculate its value 
at 33 For this purpose we calculate the two absolute tempera' 
tures, expressed in fractions of the critical temjwraturo (467*4’): 


and 




273 + 10 
467*4 


0*6055, 


273 + 33*8 
167-4 


0*6561. 


The specific volumes of Ibior-benzene at the temi)eratures 0^ and 
ue. at the absolute tcniperatuies 


Tj = 560 = 339*1, 

and 

T.^ = 560 ^.^ = 367*6, 


arc 1*0339 and 1*0741 (p. 228), in absolute units; the relative 
incrwise in volume of fliior-lmnzene, in conso<iuenco of a rise in 
terajHirature from 339*1" to 367*6" (abs.), amounts therefore to 


1*0741 - 1 0339 
1*0339. 


0*0389. 


Now this is the required increase of the volume of ether, and 
therefore its specific volume at 33*8" amounts to 

1*3794 X 1*0389 = 1*4331, 

which is very close to the value found by experiment, 1*4351. 

All the preceding 8i)ecific volumes are measurer! at atmospheric 
pressure, which, strictly speaking, does not give the same reduced or 
corresponding pressure ; since the critical pressure of fiuor-l>enzene is 
about 20 per cent greater than that of ether, then in the calculation 
the specific volume of the former should be measured at 1*2 
atmospheric pressure ; but this is insignificant in view of the very 



224 


THEOEETIOAL CHEMISTBY 


BX. ti 


slight compressibility of liquids. In general, in this sort of calculation 
of liquid volumes, the idmospheric pressure can be regarded as one which w 
conesponding for all liquids. 

In a precisely similar way we derive the result that the percentf^e 
diminution of volume experienced by the most diverse substances, 
whether liquid or gaseous, is the same when one corresponding pressure 
is raised to another, the corresponding temperature remaining constant. 

The coefficient of compression {i,e, the diminution of volume of one 
c c. resulting from raising the external pressure one atmosphere) for 
ether amounts to 0*00011 at 0°. Now, according to the preceding 
law, the coefficient of compression for all liquids, at corresponding 
temperatures, must be inversely proportional to the critical pressure. 
Thus, the compression coefficient for chloroform, for instance, is 
calculated to be 

O 

0*00011 X — = 0*000072, 

55 

55 and 36 atm. being the critical pressure for chloroform and for ether 
respectively. This refers to the value of chlorofoim at a temperature 
of about 40*", corresponding with that of ether at a temperature of 
since the absolute critical tempemture of ether, increased by about 
one-seventh of its amount, gives that of chloroform. Observations at 
this temperature gave about 0*000076. 

Ainagat has given {C.U, 123. 30, 83, 1896) a particularly clear test of 
the law of corresponding states. If isothcnuals of two substances are drawn 
in such a way as to take for units of volume and pressure the ciitical values, 
the two series of curves must fit, i.e. iu combination they must look as if 
they belonged to one substance: no two such i-educed isothermals can cut, 
however close they may lie. Without knowing the critical values, this can 
be tested by drawing the isothennals in the usual manner (not reduced) and 
seeing if it is possible to alter the scale so as to bring the isothennals to 
form a series without intersection. Amagat accomplished the change of scale 
by projecting one diagram on the other with (nearly) parallel light ; the 
diagram to be projected was at tlie same time turned round one or other 
axis in order to alter the relative proportions of ordinates and abscissue ; by 
a combination of the two changes, any derived change of scale could be 
arrived at. 

C. Raveau (/. de pkys. [3], 6. 432, 1897) reached the same object by an 
even simpler and more ingenious means. He plotted the logarithms of the 
volumes and pressures as co-ordinates ; now the unit of pressure or volume 
can be altered by merely adding a constant quantity to the logarithm ; it 
must therefore be possible to make the two diagrams fit by merely displacing 
one relatively to the other. 

To test further how far the special form of the function f (ir, ^ 0, 

given by van der Waals, is applicable, Raveau drew a diagram of iso- 
thermali using th# logarithms of p and v from that equation. It appeared 
that this diagiam would not fit those for carbon dioxide and acetylene 
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without intersections extending to somewhat widely separated isothemjals. 
^is shows— in hai-mony with the preceding— that van der Waals' formula 
is only an approximation to the truth ; it naturally deviates more from the 
truth the smaller v, and consequently the greater the correction terms 


It was remarked by Meslin 116. 135, 1893) that the theorem of 
corresponding states must be true for any characteristic e<iuation that con- 
tains only as many constants as there are determining quantities (».<{. three- 
volume temperature and pressure), and which includes the critical point. 
For it is always possible to put the equation with three constants, a, b, R, 

. f(p, v, T, a, b, R) = 0 

into the form 

f(P» V, T, TT^, So) = 0, 

as was done with van der Waals’ equation on p. 221. 

Since tliis equation must hold independently of the units adopted, and 
on the other hand it is not possible, without a fresh condition, to express 
one of the three detennining quantities in terms of the other two, it follows 
that the equation must have the form 



hence the equation can contain nothing characteristic of the particular 
substance considered except the critical constants, i.e, can only contain 
numerical constants. For the conditions that such an equation must satisfy 
see Brillouin {J. de phys. [3], 2. 113, 1893). 

The Goexistence of Liquid and Vapour.— As has been re- 
peatedly emphasised, both the original and the reduced equations of 
condition apply only to homogeneous substances, whether liquid or 
gaseous. They c^ase to be true as soon as there occurs a partial 
evaporation or partial condensation of the liquid in question, and, 
therefore, the equation has nothing to say regarding the substance as 
soon as it has lost its homogeneity through evaporation or condensa- 
tion ; such magnitudes as vapour pressure, boiling-point, volume of 
the saturated vapour, or of the liquid, lie beyond the region of its 
applicability. 

If we consider an isotherm, such, for instance, as that plotted by 
van der Waals’ equation for 13*r in Fig. 18 (p. 217), we shall seek in 
vain for any marked point which indicates the beginning of lique- 
faction ; but we know this much from what precedes, viz. that for a 
vapour pressure p^ there correspond three points of the curve, viz. 
C3^ y, and c. But, nevertheless, a simple thermodynamic law gives us 
the position of the straight line a-c. Thus we can imagine a gas 
mass to be carried from a to c by the path a-j8-y-S-c, and back again 
by the straight path c-a to the original point. The sum of the work 
performed by the system and upon the system in this reversible and 
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isothermal cyclic process must be equal to zero (p. 19). But siuce 
the former refers to the area bounded by a-fB-y and the straight line 
a-y, and the latter to the area bounded by y-^€ and the straight line 
y-c, then these two areas must ie equal to each other.j and the line a-c must 
be chosen so as to satisfy this condition (Maxwell, 1875 ; Clausius,, 1880). 
To be sure, we cannot regard this as a strict proof, since it is 
impossible to realise the cyclic process, but, nevertheless, the law 
appears very probable from this consideration. It should be again 
emphasised here that there has entered into the problem a purely 
thermodynamic element which is foreign to what was originally a 
purely kinetic theory. 

The equality of the area embraced within the three straight lines 
v^Vq', Vq'c, and the curve a-/J-y-S-c, with the area embraced within 
the same three lines and the straight line a-c, gives the following new 
relation, which is independent of the nature of the substance, viz. — 

F(7r, e, ^g) = 0, 

in which tt denotes the reduced vapour pressure, B the reduced boil- 
ing-point, and (hi and </>2 the reduced volumes of the liquid and the 
saturated vapour. This equation also, like that developed on p. 221, 
expresses a natural law of unusually wide application, since it requires 
that the nature of the function F(ir, Bf <hv ^ 2 ) same for all 

substances. 

Although we can make no use of its special nature, we will briefly 
show this function because of its univeiml importance. The equality 
of the two areas just descried requires that 


/pdv = Po(v„-Vo'), 


or, by substituting in accordance with the equation of condition, 

RT a 


(v-b) V2 


we have, on integrating, 


By dividing both sides by and by substituting the values of 
“a"’ and “b"' (p. 19) by the critical data, and introducing the 
reduced pressure, volume, and temperature, the preceding equation 
becomes 


in which 


^ 2 = A and ^ = 
’*’0 9o 9o 



CH. II 


THE KINETIC THEORY OP THE MOLECULE 


227 


and denote respectively the corresponding values of the reduced con- 
dition, and by which the nature of the universal function mentioned 
above is explained. 

Moreover, apart from establishing the equation, 

F{ir, e, il>j, <l>^) = 0 . . . . (1) 

the universal equation of condition (p. 221) when applied to the case 
of a saturated vapour, and again to a vapour in equilibrium with a 
liquid, gives the two following new relations, viz. — 


(x + _^,)(3<A,-l) = 8^ . . 

• (2) 

(’r + ^^2)(3</>2-l) = 80 • ■ 

• (3) 


By eliminating w and <^2 from equations (1) and (3), then tt and 
tjbj, and finally </)^ and (f)^, we obtain the three following equations : — 

^2 — ^2(^)5 

TT = f^{0% 

in which again the three functions fj(^), f 2 (^), arui are independent 
of the nature of the substance in question. 

If we estimate the temperature in fractions of the critical tempera- 
ture, then the specific volumes of the saturated vapours of all sub- 
stances form a constant temperature function, provided that we estimate 
the volumes in fractions of the critical volumes, and that this holds 
good for both the volumes of liquids, and also for their vapour 
pressures. 

We may formulate this law thus : at equally reduced boiling-points, 
the respective quotients, of the specific volume of the saturated vapour by the 
critical volume, of the specific volume of the liquid by the critical volume, and 
of the vapour p’essure by the critical pressure, are identical for all substances. 

Of course, according to this law, the reduced specific volumes of 
the vapour and liquid of the most diverse substances must be the 
same when they are compared with each other at equal fractions of the critical 
pressure. 

The Demonstration by Young. — These laws have been subjected 
to a thorough test by S. Young.^ Unfortunately, space does not 
permit us to give completely the material brought together in his 
work, which is an example of a problem subjected to complete theo- 
retical and experimental treatment, and deserves the more attention 
because it has a fundamental and universal significance, as is illustrated 
by few problems in the whole extent of physics or chemistry. 

The method proposed by Young consisted in the comparison of the 

^ Phil, Mag. [5], 33. 153 (1892). 
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specific volumes of different substances in the liquid state and the state 
of saturated vapour, as well as in the comparison of their vapour 
pressures, with the corresponding values afforded by a suitable 
“normal” substance in the “corresponding states.” Fluor-benzene 
may be recommended as an example which has been very well 
studied. Below are given its complete data as an important basis for 
future calculations : — 


Fluor-Benzene 

MoL Wt.-95‘8. 


T 

P 

Mvo 

Mvo' 

Obs. vapour density 
Calc. „ ‘ 

■■ 

272-27 

20 


91-47 


289-3 

60 


93*20 


303*9 

100 


94-92 


320*26 

200 


, 96-80 


338-76 

400 


99*06 


368*1 

760 


101*69 


367*3 

1,000 

22,000 

102*90 

1*037 

382-0 

1,600 

16,000 

106-10 

1*056 

393-26 

2,000 

11,400 

107*00 

1-073 

410-4 

3,000 

7,680 

110*03 

1-107 

423-8 

1 4,000 

6,786 

112*64 

1-138 

434-86 

6,000 

4,634 

114*98 

1*166 

444-26 

6,000 

' 3,867 

117-06 

1-193 

462-8 

1 7,000 

1 3,298 

119*14 

1*217 

460-4 

8,000 

2,871 

121*19 

1-247 

473-6 1 

10,000 

2,266 

126*04 

1-300 

484-96 

12,000 

1,862 

128-^0 

1*349 

499-7 

16,000 

1,447 

134*64 

1-431 

619-7 

20,000 

1,009 

145-08 

1-600 

686*0 

26,000 

733 

168-40 

1*818 

644*6 

28,000 

601 

169-35 

2-011 

560-0 

30,000 

616 

179*40 

2 206 

666-0 

32,000 

440 

193-0 

2*450 

669-66 

33,912 

270*4 

270*4 

3*79 


The vapour pressure p is expressed in millimetres, the molecular 
volumes of the saturated vapour Mv^ and of the liquid Mv^' in c.c. 
The critical data of the substances investigated, measured partly by 
Young alone, and partly together with ' Eamsay, are given in the 
following table : ^ — 


1 PhU. Mag, [.51, 34. 605 (1892). 
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Crptioal Data 


Substance. 

Formula. 

Mol. wt. 


wo 

•h 

Fluor-benzene . 

CflHaF 

95-8 

659-56 

38,912 

2-822 

Chlor-benzene . 

Wi 

112-2 

638-00 

33,912 

2-731 

Brom-benzene . 

CeHfiBr 

166-6 

670*00 

33,912 

2 069 

lodo-benzene . 


203*4 

721-00 

33,912 

1-713 

Benzene . 

CeH, 

77*84 

561*60 

36,396 

8*293 

Carbon Tetrachloride 

CCI 4 

163-45 

666*16 

I 34,180 

1*799 

Stannic chloride 

SnCb 

259*3 1 

691-70 1 

28,080 

1-347 

Ether 


73*84 

467-40 

; 27,060 

8-801 

Methyl alcohol 

CH3OH 

31-93 

! 618-00 

69,760 

3-697 

Ethyl alcohol . 

OaHftOH 

45-90 

616-10 

! 47,860 

3-636 

Propyl alcohol . 

1 CaH^OH 

69*87 

536-70 

' 38,120 

3-634 

Acetic acid . . | 

CH3CO2H 

59-86 

694-60 

43,400 

2-846 


Tlie critical volumes are not observed directly, but are extra- 
polated by the rule of Cailletet and Mathias ; ^ according to this, the 
arithmetical mean between the densities of the liquid and of the 
saturated vapour diminishes linearly with the temperature. By the 
extrapolation of these mean values to the critical temperature we 
obtain the critical data. 

The table on the following page contains an extract from the 
calculations of Young. The first three horizontal columns contain the 
comparison of the respective substances (given in column I.) with fluor- 
benzene at the corresponding temperatures^ which are given under the 
horizontal column marked S ; the absolute temperatures of fluor-benzene 
are found in the horizontal column marked T; the second column 
(marked II.) contains the molecular volume of the saturated vapour of 
the substance divided by that of fluor-benzene; the third column 
(marked III.) contains the molecular volume of the substance in a 
liquid state divided by that of fluor-benzene; the fourth column 
(marked IV.) gives the vapour pressure of the substance divided by 
that of fluor-benzene; the sixth column (marked VI.) contains the 
boiling-points of the substance at the reduced p'essure tt, divided by 
that of fluor-benzene, referred to the same reduced pressure, whiles 
under p are given the actual vapour pressures of fluor-benzene. 

» an . 102. 1202 (1886). 


[Table 



CeHsF CsHsCl CsHgBr i CeHsI CeH® CCI4 SnCl4 (C^^^hO , CH3OH CoHgOH CsHtOH CH3COOH 
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Table of Comparison 


II. 


Has 


00 »0 rH rH 
Oi rH 00 CO 
<X) cp fO fp 

o w <x> o o 


CO «0 CO 
f-H ri rfl 
to W <N 05 


CO 00 CO 
Ij- r-4 CO 
O ««tt O 


rtt 05 (N 
^ CS *>- 
05 UO 


r-< CO O 

o 00 ura 00 
r-l o O O 


CO CO O 

CO »-t o CO 

CO CO CO 01 


00 10 00 t'* 

01 05 CO 
00 00 05 05 


01 O CO CO o 
'?t« 00 <N <N 

00 00 05 O « 

00000 


(N CO 
iv. 05 
(N (M 


CO CO CM 00 o 
kO CO (N oi O 
^ 00 05 O 

O O O O Ai 


W t>. »p 

1>- O O O 05 
CO rH to rH lO 
CO r*1 Tt« »o 


III. 


If5 OC f-H *— I O 

rH 05 05 !>. O r-t 
(N rH i-H rH (N CO 

tp tp to (p tp ip 

o o b o o o 


00 rH eo »-t 

TH CO CO IH 
; CO CO t>. 
. rs. 

b b b b 


rH rH 05 
!>. 05 CO UO 
; 05 00 OC 00 
. kO ^ ^ 


CO 00 t>. 
CO QO ^ 

: rH o o o 

• -rt* Xt1 


t>. 05 d t>. 
05 i--. O O 
; d d CO CO 

.0000 


J>. Tl< 50 t>- CO 

10 -I^i l>« 05 rH 
CO r» t» 05 
d d d d d 


CO O l-H rH 
W 00 50 00 
: d d d d 

J o o o © 


l-H 05 IH 05 o 

50 00 00 00 © O 

-rtl "rt* rFf< ^ 

© © © © © © 

b b b b b b 


rH d 
© 00 w 

W i'H 

<d d d 


d 50 CO ■'SH 
O O © d 

00 00 t'. 00 


I"- 00 © © 

-t« CO © H< 
d d d d 


© © © d © o 
© © © d d o 
«p i^cp ^ <p 

b b b b b »H 




50 


d rfi ^ « 

d © o b © © 

t>. 50 rH © rH 50 

d © ^ '!*< 50 50 


IV. 


©©©©00 

t>. O 50 o © © 

■^ ^ © O 7^ d 
O O O rH iH rH 


© © O © "^ 
: dtH rH d d 
: © 50 © O rH 


t -^ © 05 C 

b b b tH , 


© © © © d 
! !>. © 50 © © 
. © © d 50 l'* 


O rH 50 © 

•_ ^ © © O © 

. ! w w © 1 ;h 

b b b b b 


© © 50 IH © © 

O O d d CM 

^ © © © © 

b b b b b b 


O © 1:^ © © © 
© O 1H © d O 
d rH o O O 


© O ■'I* -rH 00 CO 

© O Tt1 rH © !>. 
W d rH rH o O 


50 © W 
© © © 
© © © 


l-H © © W 

© © © o 
© © © o 


© 50 © O 

© o © o o 
© o © p o 

b iH b IH rH 


© © © d © o 
© w © d d o 

'^ © 1-, © © p 

b b b b b iH 


d © o o © © 

l-.. 50 rH © tH 50 
d © -^ -«»« 50 50 


VI. 


760 0*0023 1 „ ; 1*1307 1*1980 i 1*2889 0*9932 0*9774 1*0633 0*8411 0*9859 1*0061 1*0432 1*1151 : 

3.000 0*0885 I „ 1*1321 1*1988 i 1*2890 0*9963 0*9826 1*0607 0*8394 0*9667 0*9801 1*0117 1*1045 

8.000 0*2360 , „ 1*1315 1*1965 ... 0*9987 0*9864 1*0585 0*8370 0*9485 | 0*9577 ' 0*9904 1*0905 

20,000 0*5900 ,, i 1 1300 ... ... 1*0015 0*9910 1*0574 0*8343 0*9260 i 0*9347 ! 0*9690 1*0718 ' 

33,912 1*0000 „ ... ... 1*0035 0*9939 , 1*0575 0*8353 0*9168 i 0*9223 0*9592 1*0626 
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Thus, for example, the molecular volume of the saturated vapour 
of alcohol at the absolute temperature T(=‘ 338*75), is 45700^.c.c., 
therefore, since the critical temperature of alcohol is 516*1, the reduced 
temperature is 


. 338*75 

5 i ¥i 


0 * 666 ; 


the corresponding temperature of fluor-benzene amounts to 
T = 559*55 X ^ = 367*3°. 


In the table on p. 228 the molecular volume of the saturated vapour 
of fluor-benzene at this temperature is found to be 22,000 and thus 
the quotient is 


45,700 

' 22,000 


= 2*076 


and this last number, as a matter of fact, is found in column II. (p. 
230) under C 2 H 5 OH, corresponding to the value ^ = 0*656. 

It appears from a study of the preceding table, that the figures for 
the three halogen derivatives* of benzene meet the demands of the 
theory as the comparison requires they should at corresponding tempera- 
iuresy as shown by the constancy of the figures in the vertical rows ; 
but that the numbers for benzene, carbon tetrachloride, stannic chloride, 
and ether, given in the vertical rows of each particular column, are 
not constant as they should be, but regular deviations can be recognised ; 
and that the deviations are much greater still in the case of acetic acid 
and the three alcohols; and, further, that the requirements of the 
theory are well satisfied only in the case of the molecular volume in the 
Ihjuid state (see column III.). 

The comparison of the boiling-points at corresponding pressures, 
again, gives very good results, except in the case of the substances last 
mentioned. 

Moreover, the fact that there is less variation in comparing the 
quotients of the boiling-points at c/rrresponding pressures, than in com- 
paring the quotients of the vapour pressure at corresponding tempet'atures, 
is easily explained as follows : since the pressures diminisluin the ratio 
of 16,000:1, when the reduced temperature 0 sinks from 1 to 0*5°, 
the inexactness of the theory will be rendered more apparent by those 
quotients which are developed from the pressures, than by those 
developed from the temperatures. 

By means of the equations on p. 221 , the critical volume €fio 
estimated to be 


3 m, 


if the gaseous laws held up to the ciitical point it would be 


Re, 

*•0’ 
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Thus we find that the actual critical vapour density should for every 
substance equal - of the theoretical, ie, the density according to 
Avogadro’s law. 

This law holds good to a certain extent, as actually found by 
Young ; ^ for omitting the alcohols and acetic acid, the critical vapour 
density (obtained from critical volumes given on p. 229) of all the sub- 
stances investigated was the same multiple of the theoretical value ; but 
8 

it was not - ( = 2*67), but about 3*8 times as great as the theoretical. 

In general the ratio of the observed to the calculated vapour densities is very 
nearly the same at corresponding pr essures (but not quite so exact at corre- 
sponding temperatures). These quotients are calculated for fluor-benzene 
on p. 228. 

Young and Thomas ^ have studied, further, the behaviour of a series of 
esters. The reduced temperatures and volumes for these, as well as for the 
substances previously investigated, are given in the following table, for 
reduced pressure 0 08 84 6 : — 


Reduced Co-ordinates (p. 222). 


Substance. 



0 


02 

Methyl formate .... 
Ethyl formate .... 
Methyl acetate .... 

0*7348 

0*4007 

29*4 

0*7385 

0*4004 

29-6 

0*7445 

0*3992 

30*2 

Propyl formate .... 

0*7430 

0*4010 

29*4 

Ethyl acetate .... 

0*7504 . 

0*4006 

80*3 

Methyl propionate 

0-7485 

0*4006 

29*6 

Propyl acetate .... 

0-7541 

0*3094 

29-75 

Ethyl propionate 

Methyl butyrate 

0*7540 

0*7522 

0*3996 

0*4005 

30*05 

29*5 

Methyl isobutyrate 

0*7502 

0*4021 

29*2 

Methvl alcohol .... 
Ethyl alcohol . 

0-7734 

0*3949 

34*2 

0-7794 

0*4047 

32*1 

Propyl alcohol .... 

0-7736 

0*4028 

31*1 

Acetic acid .... 

0-7624 

0*4106 

25*5 

j Ethyl ether .... 

0-7371 

0*4044 

28*2 

! Fluorbenzene .... 

0-7334 

0*4067 

28*4 

j Chlorobenzene .... 

07346 

0*4046 

28*65 

Bromobenzene .... 

0-7343 

0*4041 

28*4 

lodobenzene .... 

07337 

0*4042 

28*45 

Benzene 

07282 

0*4053 

28*2 

Carbon tetrachloride . 

07251 

0*4072 

27*4 

Tin chloride .... 

07357 

0*4021 

28*1 


Within each grouj^he theorem of corresponding states holds remarkably 


' PhU. Mag. [6J 84. 507 (1892). = Tram. Chem. Sue., 1893, p. 1191. 
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for the volume of the liquid and fairly for the vajiour v<*luuie and 
temperature ft 

A couiparisou of the reduced ct)-ordiuate« for isopentane with those i»f 
benzene turned out cpiite in acconl with the theorem.* 

The special fonii of the characteristic equation develojH*<l o»» p. for 
coexistence of liquid and vapour does not agree at nil with the oWrvatitans^ 
a further proof that van der Waals* 8j>ecinl equation for mutter in a highly 
coinpr«\s8e<l state is only true qualitatively. 


Volume at Absolute Zero. — From the ecpmtion of van der 
Waals 

(p +;!*)('•- 1*) K'T 


we get for the volume at absolute zero the relation 


The value of can be obtiiined, after Ouldl>erg/^ either by extrajmlat- 
ing the volume under constant pressure ft)r the absolute zero, or the 
volume at constant temperature for infinite pressure. D. Ihuthclut 
calculated the same magnitude by mmns of Cailletot’s iiiul Mathijts’ 
straight line nilo (p. 229), by simply producing this line to the 
absolute zero ; as at this point the density of the siiUnatetl va|M)ur is 
infinitely small, that of the liquiii is double the mean value given by 
the above extrapolation. 

The following table contains the molecular vtdumos of a f<*.w 
substances at the critical point and at absolute zero : — 


SulwUncc. } 

I 

1 

Oxygvn j 

Nitr«g»ni .... 

Carbon dioxide . , . j 

Ethyl ether . I 

IWnienc 

('arbon tetrwhloridf 

Propyl aeetate .... 


M4., 

' Mv,) 

lUUo, 

4I»-2 

20*8 

' 2*37 

70 

2rr0 

; 2-80 

90 

25 5 

' 3*77 

280 

71*7 

1 ;p9i 


70 iJ 

3*63 

276 

72*2 

:p82 

345 

86-2 

4*00 


The critical volume is therefore not always three times the volume at 
absolute zero ; the ratio, however, is never very different from the. 
theoretical value 3, and for many sulwtances assiinieH a value in the 
neighbourhood of 4.* 

’ Yonng, Phy^. Sf>r. 1894. Ofi, p. 602. 

^ Uiecke, Nachr., 1694, No. 2 ; further K. Meyt^r, Znt$rhr, ph^n. ('hrm. 32 . 

1 1900. 

=■ SS^iUchr. phyt. Chm. 83. 116(1900). 

* Sm vu*t Hoff, Thturtl. Vhtmit, iii. p. 21 (1903). 
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The Vapour Pressure Curve. — If the theorem of corresponding 
states held good, the problem of the calculation for vapour pressure 
curves, already touched upon on p. 61, would be capable of a very 
simple solution ; for if we knew the vapour pressure curve of a normal 
substance, we could calculate that of any other substance from a 
knowledge of the critical data. 

If, in a co-ordinate system, reduced temperatures are plotted as 



abscissae and reduced vapour pressures as ordinates, then, according 
to the equation (p. 227) 

TT = fg ( 0 ), 

an identical curve should result; the calculations on p. 230 have 
already shown that this is not the case. 

T /O \ 

If, instead of 0= - we plot the values of - 1 ) as abscissae, 

( 7 q \i / 

and instead of tt = ^ , the expression log ~ as ordinates, we obtain a 

P 

very simple picture of the relations under consideration, for then 
practically straight lines are obtained, as van der Waals himself 
observed ; ^ or in other words, we get the relation 

^ Kontinuitdt^ etc. p. 147. 
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Jog-p’ = a(^- l) 

where a is a constant within certain limits. Van der Waals held the 
opinion that the value of a should be the same (about 3*0) for all 
normally behaving substances, but experiment has not supported this 
view, which must therefore be given up. The diagram^ (Fig. 19) 
shows that the inclination of the straight lines is very different for 
different substances; excluding curves 8 and 10, which refer to 
substances (water and alcohol) which are without doubt highly 
polymerised, in the liquid state (see the following chapter), it is at 
once obvious that the higher the molecular weight, and the more 
atoms there are in the molecule, the greater are the curves inclined to 
the abscissa axis. In accordance with this rule there is a consider- 
able difference between krypton and argon, so that the law of 
corresponding states is not even obeyed by monatomic substances. 
According to these considerations, helium, a monatomic gas with a 
low molecular weight, should show an exceptionally wide departure 
from the theorem of corresponding states ; the experiments published 
by Kammerlingh Onnes (1911) since the last edition of this book 
have supported my conclusions completely : the curve for helium 
is only slightly inclined to the axis, as is shown clearly in Fig. 19. 
The old idea, which persisted in spite of quite a sufficient number of 
experiments to the contrary, that monatomic gases at least would 
conform to the theory, is thus perhaps at last completely overthrown, 
at least so far as vapour pressures are concerned. Substances, like 
alcohol and water, which are associated in the liquid condition, give 
curves which are relatively more strongly inclined to the axis, but 
which also approximate to straight lines. We can now understand ^ 
that Young’s proof (p. 227 ff.) of the theorem of corresponding states 
was carried out under much too favourable conditions, for he confined 
himself to substances of much the same molecular weight, which at 
the same time contained a large number of atoms in the molecule ; 
if he had taken for comparison monatomic substances, or at any rate 
such substances as Hg, 0^, Ng, we should have obtained quite another 
picture of the relations in question. 

We can express the above result as follows : the theorem of 
corresponding states is at any rate approximately true when we 
compare substances with not very different critical temperatures, but 
it does not hold at all when the critical temperatures are widely 
different. It is possible that in the latter case a number of other 
regularities (pp. 231, 232) also fail. 

I have attacked the problem of the calculation of vapour pressure curves 
in the following way (Gott. Nadir. y 1906, vol. 1). The equation 

^ The values for H 2 , A, Kr, Og, are taken from M. W. Travers’ Experimental Study 
of Gases. * Nemst, Giitt: Nachr.y 1906, vol, i. 
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Po(^o- = 

agrees closely witli observations made on fluorbenzene up to pressures of 
about 15 atm.; p, Vq, denote respectively vapour pressure, molecular 
volume of saturated vapour, and that of the liquid. Since volume ratios 
at corresponding pressure very nearly agree with those required by the law 
of conesponding states (p. 231) the above equation must hold good generally. 
The equation of Clau8ius-Clai>eyron (p. 59) 



where X is the molecular heat of vaporisation, becomes therefore 





For A, I find the empirical formula 

A = (A.u.+ 3-6T-cT2)^1 - J*-), 

where e is a specific constant. 

Hence 

\ + 3-6T - cT2 = . 

which becomes when integrated 


lnp = 


‘RT R 


InT - TiT + const, 
it 


This equation, unlike other equations containing more constants, is 
valid over a very gi-eat range of temperature. See, for example. Barker, 
Zdtsch. physik. Ghem.. 71.237(1910). 


The Heat Gontent of Compressed Oases and of Liquids.— 

We will now finally consider the answer to certain questions regarding 
the heat content of gaseom md liquid substances in the light of the 
kinetic theory of van der Waals. Disregarding the question of the 
amount of work performed against the external pressure, which can 
be ascertained in all cases exactly and easily in calorific equivalents, 
heat introduced into gas and liquids will increase the kinetic energy of 
the molecules on the one hand, and on the other will perform a certain 
amount of work against the molecular forces, because in consequence 
of the thermal expansion the molecules remove farther apart. But 
now, since the molecular forces increase greatly with condensation, 
they will be much greater in liquids than in gases, where they are 
inconsiderable at ordinary condensation ; this explains why the specific 
heat of a liquid is always greater than that of its vapour (p. 59). If 
a liquid is kept at constant volume during the warming, then, provided 
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that the theory of van der Waals is rigorously applicable to it, its 
specific heat must be exactly the same as that of its vapour, provided, 
of course, that this latter is taken at constant volume. 

As was shown (on p, 45), the work performed in compressing an 
ideal gas appears in the interior as heat. This law, like the other gas 
laws, becomes inexact with a high degree of compression, and thus the 
interesting question arises as to how we are to regard these deviations 
in the light of the theory of van der Waals. 

The answer is very simple. On the approach of the molecules 
towards each other by compression, their mutual attraction performs 
a certain amount of work which appears in the form of heat ; the con- 
ditions, therefore, require that a greater anwunt of heat should appear 
from compression than what corresponds exactly to the work applied. 
The molecular pressure. 



may be regarded as a measure of the force of attraction. The heat 
developed by this force, by compressing the volume frqm v^ to Vg, 
amounts to 

/Kdv = /^,dv = aQ-i). 

Vi Vi 

Moreover, the theory affords many explanations regarding the 
heat of evaporation. For, in the first place, it is at once obvious that 
the heat of evaporation must become zero at the critical pointy because the 
distinction between a liquid and its saturated vapour ceases at that 
point. Mathias^ found experimental proof for this corollary from 
measurements conducted with earbon dioxide and nitrous oxide. This 
necessarily follows from the formula of Clausius 

A. = T^P(Vo , 


for at the critical point, 

Vq = Yq, therefore A, = 0. 

It now becomes possible to go a step farther and calculate the 
heat of vaporisation from the molecular forces.^ If a gas is condensed, 
without performance of external work, the molecular forces perform 
the work calculated above, which must reappear in the form of heat ; 
by calculating the latter for 1 mol (according to p. 59), we obtain 

^ Ann. chim. phys. [6], 21. 69 (1890). 

® Bakker, Zeitschr, phys. Ghem. 18. 619 (1895) ; for more recent work on the 
subject see J. Cederberg, ibid. 77. 498 (1911). 
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By compariHori with the equation deduced on p. 220, 

v„ - 1, a 

V,/ -- b v„ 


.b ' V - ^ = pK-0 

'^0 


we gel 


\--=UTlii''“ V • 

Vo 


( 1 ) 

i-i) 

(») 


From the critical <lata (according to }>. 220), 

27 

" n 1 > 

04 TT^ 

now on considering the heat of evaporation at the boiling-p«)int, it 
follows that must bo very large compared with v^,', and therefore 

similarly ^ as compared with ^ ; and we thus find as the value of 
'^0 

the molecular heat of evaporation 

»)4 jr„v„ 

For benzene we have 


0^^ - 50 r ; TTj, ~ 42 atm. ; 
v^/ = 0-()<)G lit. ; T 273 + SO : 

now by writing K = 0*0821, we obtain A in litre atm. (p. 40): then 
by reducing to g.-cal., by dividing by 24*19 wo obtain X-5100 
instead of 7200 g.-cal. The theoretical value is therefore only very 
approximately correct ; but it is not without interest to know that 
it is possible to calculate roughly the heat of evaporation so easily 
from the critical data ; and also that the formula is in harmony with 
experiment in showing a gradual diminution [for the value of A], till 
the critical jiointis reached, when A becomes zero. 

Similarly is found for 

Ether X ” 4000 instead of et>40 at the boiling-point. 

Carbon tetraclilorklo „ 7100 ,, ,, 

Tin tetrachloride X“6‘J70 „ 7000 ,, ,, 

Ethyl alcohol X = r>niO „ lOrjOO at 0*. 

Ethyl acetate X^HSOO ,, 0000 

In all wise.^ experiment gives a higher value than the theory. 

Erpiation (3) is obtained by combination of (2) derived entindy frtmi 
the kinetic theory with (1), which is purely thermoilynainic ; it can also lx* 
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deduced kinetically as Kammerliugh Onne^ showed {Verh. d. Ak, H’w#., 
Amsterdam, 1881 ; Arck neerL 30. 101 (1897) ; see also W. Voigt, Giiti, 
Nachr,^ 1897, Heft 3). This problem, obviously nsswiatetl with that of the 
kinetic explanation of the second law of thoruiodynamics, is fully ti'eated by 
Boltzmann {Gat The^rij^ ii. p. 167 If.) 

If the molecules are considered as jiuiiits of mass, and hence the change 
of internal energy a.^^sociated with the condensation uf a vaj>our is taken as 
equivalent to the work p(*rfonuetl l»y the molecular attraction, we hav'o 


Vo Tg 



Vj 1*1 


wliere, and r, denote the average distance In'tween the molecules in the 
liquui and gjiseous states, and their mutual attra»‘lion is inversely propi>r- 
tional to the n*** power of the distance aj«irt. Now, as s]>eci!ic volume is 
proportional to tlie cul>e of this average distanct*, e<piatioii (1) would l»c 
satisfied if n - 1 = 3 or n = 4, and this, as J. \V. Mellor {Phii Ma<j. [6], 3. 
423, 1902) showisl, would 1)0 in agreement with Suthcrlaiurs laws. 

If we accept the view* of J. E. Mills {Joar. Phyn. Chem. 6. 209, Ii>02, 
and 8. 383 and 593, 1904) that the force, like ordinary gnivitation, is 
iuvci*sely pixiportional to the square of the distance apart, it tollows that 

'2 

'1 

The author finds, in fact, that the factor A is constant for any given suh- 
stance within wide ranges of temiKuature, provi(h?d tliat tlie suhnlanco 
behaves normally, ie. does not polymerise in the liquid condition like water 
and alcoliol, for example. But the alK)ve equation, as well as e<junli(»n (I), 
is proUaldy only a first approximation. 

Joule-Thomson Effect. — Joule and Thomson (1854) made use 
of an ingenious apparatus to investigate the liciit lost liy the expansion 
of non-ideal gases. The gases were driven through a tube which con- 
tained a closely fitting wad of cotton wool or some similar substance. 
The velocity of streaming through the narrow pores of the wad 
was so small that the kinetic energy of the movement could lie 
neglected. If T^, v^, denote temperature, pressure, and molecular 

volume of the gas on entering the wad, and Tg, v.^ the same magni- 
tudes on leaving the wad, the energy conveyed to the gas in the form 
of external work is 

Pi^i - 

In order to arrive at the change of internal energy accorajianying the 
process, we must first imagine the gas to emerge at constant tempera- 
ture T, and with the volume v^, whereby internal work of ^ ^ 
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is performetl, and then the temperature to sink from Tj to Tg, whereby 
an amount of heat CV (T^ - T^) is given up. Hence, since the total 
amount of energy must be the siime, 




a 

V, 


-Cv (T,-Tj). 


( 1 ) 


Writing van der Waals’ Cijuation iii the form 




= KT, 


we observe that in the case of a gas which behaves nearly ideally 
^ and must be small compared to unity. As in any case we are 

V 

ordy concerned with small corrections, we can introduce the simple gas 
(•(piation without perceptible error and write 


pv = 


KT 



1 - 


bp 

RT. 




which, neglecting infinitesimals, becomes 


pv - RT [^1 + p(j^,j^, • 


If we introduce this into (1), remembering that 1\ - Tg is very small 
compared to Tp we get 

Cv (T, -- T,) - U(T, - T,) ^ (Ijr - b) (p, - p.^, 
or finally, substituting 

Cp = Cv + R 

(which is, of course, only approximately correct for non-ideal gases), 
C,(T,-T,) = (Jj--b)(p,-p,). 


'Fhis etpiation was shown by van der Wa^ils to agree fairly well with 
the measurements of Joule and Thomson ; more exact values are 
yielded by D. Berthelot’s equation (p. 242). 

As a rule 


2a 

rt;>’^- 


so that cooling results, but with hydrogen the reverse is the case (see 
also p. 213), and Joule and Thomson found correspondingly that the 
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expansion of this gas was accompanied by a warning effect. Under 
~ 80 ° the above inequality holds good also for hydrogen. 

The Linde apparatiLs for the liquefaction of air depends on the Joule- 
Thomson effect (1898). The previously cooled gjis, com 2 )resstHi to 200 atmo- 
spheres, is allowed to expand without perfornmnce of external work ; the 
cooler gas thus obtainefl sweeps back over the oncoming gas, and further 
cools the Latter. In this way the teiii|)emture l>ecomes lower and lower till 
the boiling-point of the air under the pressure used is reached. Hydrogen 
could not be liquefied under oixl inary conditions in such an ajqiaratus, as the 
gas would be continually warmed instead of cooled. But if the original 
temperature of the gas is lower than - 80“, it can l>e liquefieil, as Dewar, 
Ramsay, Olszewski, and others have shown. 

Critique of the Results. — By means of the numerical material 
given above, it is shown that the theorems of van der Winds are 
not strictly proved by experiment, bnt that, although they explain 
(jualitatively the behaviour of liquid and gaseous substances, there 
are certain undoubted deviations between theory and fact. 

Now the question arises whether these deviations are of such 
a nature that the whole theory must be given iq), or whether it 
is 2)ossiblo to account for them by some change or development of 
the theory. The verdict cannot he doubted for a moment ; for 
the results of the theory are so undeniable, and the region of the 
j)hcnomcna which it claims to control is so extensive, that it would be 
a very profitable problem to follow up these deviations, and to prove 
carefully whether a reshaping or an extension of the theory is 
recpiired. 

The results so far arrivixl at with regard to van der Wiwilh’ theory may 
be summarised as follows : the equation 

(p + va)^^ -'0 = RT 

only holds exa<'<tly for not too strongly compressed gases ; it quite, fails near 
the critical ]»oiut. The theory of corresiKUiding states, which <loe.s not 
depend upon the sjxjcial form of the above equation, is of wide applicability ; 
in e3j>ecial it allows of calculating accurately the volume, thermal expansion, 
and compressibility of liquids. The as<u!iiptiun that the deviations are due 
to i»olymerisation in the liquid state is shown to be improbable by lh<* 
considerations on page 235. It will jKjrhaps be possible to chaiacterise the 
behaviour of a suljstaiice by the introduction of a few spec-ifut constaiitH 
l)eside the critical data ; at any rate this possibility should Ut thoroughly 
tested, now that the theorem of corresjxjiiding states (determination of the 
behaviour of a substance simply from the critical data) has been shown 
to Ik 5 untrue ; cf. the (p. 233) by Kirstine Meyer, wlu) introduced two 
new specific constants. An excellent monograph on the above quc*stions has 
been written by J. P. Kuenen, Die Zmtandsgleichuny^ Brunswick, 1907. 

R 
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Daniel Berthelot’s Equation of State. — Starting from the 
experimental result that the theorem of corresponding states is 
approximately true for fairly compressed gases, D. Berthelot^ has 
recently developed an equation which reproduces very exactly the 
behaviour of gases up to pressures of a few atmospheres, and is 
capable of many applications. Clausius had already shown that the 
value of “ a ” in van der Waals^ equation was approximately inversely 
proportional to the absolute temperature, and that one could put 

a,' 


where a' is a constant. 


We obtain then the equations 



</)q = 3b, a' = 


E 


8 

3 



According to these equations, analogously to p. 232, the critical 

g 

volume is calculated to be times the volume calculated from the gas 

32 

laws, whereas experiment gives approximately the value — . 

t/ 

Berthelot found the value b = ^ to agree better than y, and 
finally from measurements of compressibility he substituted the fraction 
— for 3 in the first bracket, thus arriving at the expression 


/ 16 

IV. 


' e^y\^ 4) 



( 1 ) 


At the critical point (7r=l, d ~ 1) the left-hand side of 

this equation becomes = 4*747, and the right-hand side 3'555, showing 
that the equation is useless at such high pressures or densities ; this 
cannot well be otherwise, for, as we have already seen, the theorem 
of corresponding states certainly does not hold good in these regions ; 
further, this failure is of no consequence since the equation is only 
required for slightly compressed gases. 


P _ 32 

9 ■ » 

1 Stir les tJiermmnUres d gaZy Paris, 1903 (Gauthier Villars). 


Since 
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we can also write (1) in the form 


or, reforming, and neglecting infinitesimals, 

P'-K‘ + *-T 

If we substitute the approximate relation 




in the eorrection terms on the right-hand side of this equation, we get 
pv = ET(l+,r. JgT(l-6T^)) . . (2) 


where 


T 


e T* 


So long as 

this equation shows (in accordance with experience) that at low 
temperatures gases are more compressible than corresponds to 
Boyle’s law; hydrogen (p. 213) shows the opposite behaviour even 
at ordinary temperatures since the above inequality is not fulfilled. 

Nitrogen also behaves similarly at higher temperatures. 

Equation (2) can also be used to reduce very accurately the 
density of a gas, measured, for example, at atmospheric pressure, to 
the condition of an ideal gas (ie, a gas at very low pressures). For 
example, the density of oxygen at O'" and one atmosphere is 0*0014291 ; 
from the critical data of this substance (ttq = 50, = 155) we find 

Do = 0*0014291 (1 - 0*00074) = 0*0014281. 

If densities are corrected in this way, Avogadrds law is found to he 
absolutely exact (see the following chapter). The calculation of the gas 
constant (p. 41) has been carried out in this way ; for oxygen it is 


32*000 

1*4281 


22*41. 


The equation 


developed above (p. 236) for saturated vapours in the neighbourhood 
of the boiling-point is consistent with equation (2), in so far that in 

9 

this region (t = 0*65 to 0*70) the expression i15^ot(1 - Ot^) becomes 

1^0 

about = ~ 1. 
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Solving equation (2) for v, and differentiating with regard to T, 
we find, 

V (dT)p "" f ■ 128 ■ 

If we solve equation (2) for p, substitute in the correction terms 
on the right-hand side the approximate relation 


P = 


RT 


V 


■) 


then differentiate, and eliminate v with the same equation, we get 



Equations (3) and (4) give us the theory of the air thermometer 
at constant pressure and at constant volume. It is obvious that in 
both cases the correction terms become smaller the smaller T is, or 
the further removed we are from the critical point ; this explains the 
accuracy of the hydrogen, and still more of the helium thermometer. 
But we can use any other gas for measurements of absolute tempera- 
ture if we make the corrections given by (3) and (4), and in this way 
D. Berthelot, from measurements of different gases, obtained the value 
- 273‘09° for the absolute zero of temperature (p. 41). With the 
help of equation (6) (p. 54) we find further 

Cv = Cv» + |jT=',r-R ... (5) 


and with the help of equation (5) (p. 54) the change in temperature 
dT corresponding to the change of pressure dp without performance 
of external work is given by 


dT = 


RT ^ ^ 2 

Cv ’ iTp ’ 32'^ 


( 6 ) 


This is the Joule effect. 

To these equations, developed by I). Berthelot, we may add the 
following : ^ 



* Equation (7), of which important applications can be made, was developed by 
E. Warburg some time ago. He kindly allowed me to consult the manuscript, which 
will be published later. 
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( 9 ) 



c = velocity of sound, p density, M 


molecular 


weight^. 


Q 

■— can therefore be calculated by means of equation (9), if the 

C>v 

velocity of sound is known at any pressure ; Cp and Cy can then be 
calculated singly from (7), and by means of equation (5) these values 
can be reduced to conditions obtaining at extreme dilution, i.e, to the 
“ideal” state. 

For the determination of the specific heats of gases from adiabatic 
processes, we may use the equation ; 



where 


P1 + P2 1 ^ Ti -f T2 

2^0 ' ^ * 


This formula, however, only holds good when the percentage change 
in pressure is small. 

The results of numbers of exact measurements carried out recently 
on gases have been calculated by useless equations, or by means of 
laws only applicable to ideal gases, instead of by the excellent equation 
of state worked out by D. Berthelot, and in consequence the accuracy 
of the final results given by the authors has been much impaired. 


The Kinetic Theory of Mixtures.— In all our theoretical con- 
siderations regarding molecules thus far, we have always had in mind 
a substance which should be simple from a chemical standpoint, i.e. one 
consisting of nothing but molecules of one kind. The question now 
arises, how the preceding considerations will be modified when we 
study a mixture. 

And here we must distinguish between two cases, namely, the 
different kinds of molecules may react chemically upon each other, or 
they may behave indifferently towards each other. 

It must be noticed, in the first case, that the condition of chemical 
equilibrium prevailing in the mixture will, in general, vary with the 
pressure, volume, and temperature ; such a mixture, for example, is the 
vapour of acetic acid, which consists partly of doubled molecules and 
partly of normal ones, the ratio of which changes with the external 
conditions. We shall consider such mixtures more thoroughly in the 
part devoted to “ the doctrine of affinity.” In the following we con- 
sider only mixtures which consist of molecules which are chemically 
indifferent. 
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Now, the van der Waals’ equation of condition, 

(p + i)(v-b).ET, 

can, of course, be applied directly to a homogeneous mixture of this 
last sort, whether it be a liquid or a gas. In fact, it is as fully appli- 
cable to strongly-compressed atmospheric air as to a simple gas, only the 
meaning of the constants “ a ” and “ b ” is somewhat different from that 
which they have in the case of pure substances, and their magnitudes 
also change with the relative proportions of the ingredients in the 
mixture. 

Van der Waals {Zeitschr, phys. Ghem. 5. 134, 1890) gives the' following 
ecjiiations to calculate the constants and of ajiiixture containing?! - x 
niols of one component to x of the other. 

a. = ai(l - + 2 aj 2 x(] - x) + a^x^ 

b, = bja-x)3 + 2b,2x(l-x) + b,x2 

Here and b^ are constants of the first component, a^ and bg f>f the 
second ; a^g i® attraction constant between the two, and b^g the volume 
constant for the combination. Also for b^g, 

holds. 

According to this the properties of a mixture can be deduced from those 
of its components by the help of one new constant a^g only. 

The treatment of the question regarding the coexistence of liquid 
and vapour is entirely different in the case of mixtures, since in general, 
in distinction from simple substances, the composition of the liquid 
and vapour differ. As shown on p. 225, this question has not yet 
been treated for the case of a simple substance from a pure kinetic 
standpoint. Much less, therefore, would this be the case for mixtures ; 
and van der Waals’ quoted work, although entitled The Molecular 
Them^y of Bodies consisting of two Different Substances, is emphatically 
a thermodynamic study, a description of which does not belong to this 
chapter. It should, however, be observed that, in addition to the 
investigation of the coexistence of liquid and vapour of mixtures, there 
also arises the question of the coexistence of liquids of different 
composition (mutually saturated solutions).’^ 

The Kinetic Theory of Solutions. — We learned, in the last 
chapter of the first book, the experimental fact that the laws of gases 
are applicable also to dissolved substances, and that there is a very 
far-reaching analogy between the condition of matter in dilute solution 

^ See the important new work of van Kuenen (especially Zeitschr. phys. Ghem. 24 * 
667, 1897 ; 41 . 43, 1903) and the second part of v. d. Waals, KontinuitUt, etc. 
(Leipzig, 1900). 
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and in the gaseous state. Now it is but a step to transfer this analogy 
also to the molecular condition ; and the conception is at once suggested 
that the osmotic pressure of a solution, like gas pressure, has a kinetk 
nature^ i,e. that it results from the bombardment of the molecules 
of the dissolved substance against the semi -permeable partition. 
Boltzmann,^ Kiecke, 2 and Lorentz® have made attempts of this sort 
to develop the laws of dilute solutions immediately from the play of 
molecular forces and of molecular movements, without having recourse 
to the aid of thermodynamics. 

Each of these investigators assumed that the mean kinetic energy of 
the translatory motion of the molecules in solution was as great as in the case 
of the molecules of a gas at the same temperature as the solution. This 
assumption appears the more probable, because the theory of van der 
Waals has been already applied to liquids with good results. 

According to Boltzmann, in the calculation of the osmotic pressure, 
one must take into consideration not only the mutually opposed action 
between the wall and the molecules bounding against it, as was done 
in explaining gas pressure, but also the mutual action between the 
dissolved molecules and those of the solvent. But it is a difficult 
problem to state in just what way this occurs, and to make such a 
supposition as shall be explanatory and shall harmonise with the facts, 
and the satisfactory solution of this problem remains for the future. 
Boltzmann assumed, on the one hand, the distance between the centres 
of two neighbouring salt molecules to be very great as compared with 
the distance between the centres of two neighbouring molecules of the 
liquid solvent; and, on the other hand, the space changed by the 
presence of the molecule of the dissolved salt, to be small in comparison 
with the total space occupied by the liquid solvent ; and in this way 
he obtained the result that the osmotic pressure exerted by the dissolved 
substance on a semipermeahle membrane is equal to the corresponding gas 
pressure, 

Lorentz assumed that the dissolved substance is subjected to an 
attractive force proceeding from the solvent, which is equal and 
opposite to the force acting upon the quantity of the liquid displaced. 
Eiecke proceeds upon the supposition that the number of collisions 
between the molecules of the dissolved substance is infinitesimally 
small as compared with the number of collisions between the molecules 
of the solvent. Both these investigators arrived at the same conclusion 
as Boltzmann. 

Boltzmann and Eiecke both showed in this way, that the same 
results are obtained for the diffusion of dissolved substances, and of 
electrolytes especially, which I have already developed independently 
from the special kinetic conceptions preceding (p. 153). Eiecke also 
attempted to derive the mean free path of a dissolved substance from its 

1 ZeiUchr, phys. Ghem. 0. 474 ( 1890 ) ; 7. 88 ( 1891 ). 

2 Ibid. 0. 664 . 3 Ibid. 7. 36 . 
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diffusion velocity : the following is the value, in which D denotes the 
coefficient of diffusion (p. 153), and u denotes the mean calculated 
velocity of the molecule (p. 200) : 

L= 

8.64xl0^u‘ 

In. this way he found, for instance, the mean free paths, at 8° to 
10°, as follows : — 


Substance. 

U. 

Mean Free Path “ Jj.” 



-8 

Urea . 

0-81 

0*68 X 10 null. 

Chloral hydrate 

0*55 

0-94 „ 

Maiinite .... 

0-38 

0*68 ,, 

Cane sugar 

; 0*31 

1 

0*77 „ 


Some doubt is thrown on the reasoning by the result that the 
mean free paths so calculated are extremely small compared to the 
dimensions of the molecules (cf. Chapter XIV. of this book). 

It cannot be denied that kinetic considerations applied to solutions 
by no means lead to the simple results which distinguish their 
application to the behaviour of an ideal gas ; even for single laws, such 
as, for example, the relative lowering of the vapour pressure of the 
solvent (p. 136), no plausible kinetic explanation has yet been found. 

Finally, I will refer to one more point which seems to have some 
importance. It was shown in the case of many liquids, for example 
ether, that at room temperature the space actually occupied by the 
molecules is about 0’3ths of the space apparently occupied. If we 
dissolve any substance in ether, then the space at the disposal of 
the oscillating molecules is certainly much smaller than the volume of 
solution ; therefore it would be expected that this “ volume correction ’’ 
would exercise as correspondingly great an influence on the osmotic 
pressure as on the pressure of a strongly compressed gas ; and it is in- 
conceivable that it should nevertheless be so nearly equal to the gas 
pressure. Yet a more careful examination shows that this covrtdion 
may he neglected in the methods hitherto applied for measuring the partial 
pressures of the dissolved substances. The methods thus far used always 
give the osmotic work P, i,e, the work required to remove a unit 
volume of the pure solvent from the solution, and this value of the 
pressure (being multiplied by the unit of volume) turns out to be 
equal to the gas pressure. But if we assume that the pressure of the 
dissolved substance must be increased on account of the volume 
correction, in the ratio of 1:1-^, when p denotes the diminution of 
the space at the disposal of the movement of the dissolved molecules, 
then this pressure P will become 



OH. H THE KINETIC THEOEY OF THE MOLECULE 249 

P 

1 -/ 8 ’ 

therefore the osmotic work required to remove unit volume of the 
solvent would be calculated as the product of the pressure and the 
volume, ie. 

since the volume througli which the pressure is to be forced back is 
also diminished in the ratio 1 ~ : 1, and for the same reasons. In the 

methods thus far employed for measuring the osmotic pressure, the 
volume correction is thus wholly neglected. It would be very 
interesting to find a method for measuring directly the actual pressure 
of the dissolved substance, namely, 

P 

1-/3* 

.By investigations of the absorption of carbon dioxide by different solvents, 
Sackur was able to show (Jahresversammluny der Deutschen Bunsengesellschaft, 
1912) that the gas laws held good up to higher concentrations for this gas 
when in solution than when in the gaseous stale. From equation (2), p. 243, 
we can show that this result is general. If we estimate the critical tempera- 
ture for cane sugar, for example, to be 900** absolute, and the critical pressure 
50 atmospheres, then cane sugar as a gas at ordinary temperatures and 
atmospheric pressure would deviate more than 20 per cent from the gas 
laws, whereas its osmotic pressure in solution obeys the gas laws up to much 
higher pressures (p. 157). The probable explanation of this result is that 
in solution the forces of attraction between the dissolved molecules are 
swamped by the molecules of the solvent which surround the former on all 
sides. 


Tammann's Theory of Concentrated Solutions. — Tammann ^ 
has developed a very simple theory of the behaviour of solutions 
towards pressure and temperature. He found, namely, that the 
equation of condition of a solvent under a certain pressure is the same 
as that of a solution of a certain concentration. Tammann concludes 
from this result that the solution of a substance brings the solvent 
under a certain pressure, and hence causes the solution to behave in a 
similar manner to the solvent under the corresponding pressure, which 
varies with the nature and concentration of the dissolved substance. 

From the standpoint of van der Waals' theory, it is in fact obvious 


that a change in internal pressure -g could be exactly compensated in 


^ On the Relations between Internal Forces and the Properties of Solutions 
(Hamburg, 1907). 
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the term (p + ^) by a change in external pressure, so that the equations 

of condition of solution and solvent become indentical. 

As one of the many examples which Tammann has brought for- 
ward in support of his theory, we will choose the expansion by heat 
of water and alcohol under pressure, and of certain concentrated 
solutions of calcium chloride in these two solvents. 

In Fig. 20 the three curves, 1, 2, 3, refer to water under pressures 
of 1, 1000, and 3000 atmospheres; the three dotted curves, 1. 11. III., 
to solutions of 10, 20, and 30 per cent of calcium chloride in water. 
It is obvious that the second group of curves is precisely similar to the 
first, or that; in other words, to every concentration of calcium chloride 
in water corresponds, in fact, a pressure under which the expansion of 
water by heat is exactly the same as that of the corresponding solution. 
The curves 4, 5, 6 show the expansion of alcohol under pressures of 
1, 500, and 1000 atmospheres ; the dotted curves lY. and V. represent 

the expansion of solu- 
tions of 8*6 and 25*1 
per cent calciiun chlor- 
ide in alcohol In 
this case also the two 
groups of curves follow 
the same course. It 
should be especially 
noticed that alcoholic 
solutions of calcium 
chloride have a smaller 
coefficient of expan- 
sion the greater the 
concentration, which 
corresponds to the fact 
that the expansion of 
alcohol is smaller the 

^ 20^ 30^ higher the external 

2 ^ pressure. Water be- 

haves in the reverse 

way ; its expansion is greater the higher the pressure, and the greater 
the concentration. In order to make the curves easily comparable, 
the volume at O'" has been invariably taken as unity. 

^ The pressure to which the pure solvent must be subjected in order 
to make its coefficient of expansion equal to that of a solution under 
atmospheric pressure, has been named by Tammann the Memal pressure 
of the solution. It is practically proportional to the concentration of 
the solution up to high concentrations, but varies with the nature of 
the dissolved substance. 

The investigation of compressibility has led to the same result, and 
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the value of the internal pressure of a solution has been found to be 
the same, whether deduced from measurements of compressibility 
or expansion by heat. This is, of course, a striking confirmation of 
the theory. Deviations are only found when the concentration is 
extremely high. 

Tammann draws a number of very remarkable conclusions on specific 
heat, viscosity, electrical conductivity, and optical rotatory power, from 
the internal pressure of the solution in question ; e,g, the fact, which 
has been long observed, that the specific heat of a solution is usually 
smaller than that of the water it contains, is explained by the 
diminution of the specific heat of water under pressure. 



<;ifAl*TKU III 

TIIKOUY OF TUK SOIJD 8TATK 

Qoneral. '*Whilt3 w« liave poHsessHl for fifty years, as was pointed 
out in the previous chapter, a satisfactory theory of the gaseous state, 
an<l have had a fairly good itlea also of the li(piid stiite for thirty 
years, it is only lately that investigation of the soliil state has nia<le 
much progress ; it was, for example, only very recently tliat the law of 
[)n)ong and Petit and its excofitioris could )»e accounted for by theory. 
In the last few years new light has fallen from unex[>ect(Ml quarters 
on many obscure (piestions ; investigations of the radiation of heat, 
for exanqile, have given a remarkable impetus to a new thcfuetical 
treatment of this subject, which in its turn has led to many new 
experimental investigations. 

Older Kinetic Theory of the Solid State.— Fi om the standpoint 
of the idwis on heat motion developed in the [irovious chapter, we 
should obtain the following picture of the solid state. Atoms an<l 
molecules of solid bodies are only at rest at absolute zero : at finite 
temperatures the smallest particles of solids as well as of fluids WM)uld 
ho ill constant motion, the motion consisting of oscillation abemt a 
fixed {mint We should also have to fissume that the forces of 
eohesion hold the moicetdos of a solid substance (which in the case of 
the elements are generally identical with the atoms) to fixed positions 
of rest, and that in the simplest cases the molecules roUite iu circles 
about those {lointvS, so that they, unlike the molecules of gases and 
liquids, cannot chang(» their jmsitious continuously. These views have 
in fact made intelligible many pro|>erties of the solid state. 

'i'he effect of heating according to those views is lis follows: 

(1) It raises the kinetic energy of the molecules and of the atoms 

inside the molecule. 

(2) III consequenco of (1) it changes the potential energ^V of the 

molecules towards each other. 

(3) It perfonus work against the forces of cohesion. 

(4) It {Hirforms work against the external {>ressure. 

252 
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On account of the slight change of volume occasioneil by beating 
solid Ijodies, in general the fourth change in energy is negligible; 
that under (3) is also small, as is shown by calculation according to 
equation (9) p. 55. 

For monatomic Inxlies it is |M)ssib]e to show under certain condi- 
tions that (1) and (2) are equal in magnitude. For if we consider the 
case when the atoms route in circles round their ]H>sitions of equi- 
librium, and assume that the force attracting the atom towards its 
centre of equililirium is proportional to its distance fnmi it, the 
centrifugal force musUeciualisc the force of attraction, f>. 

m . 

U“ = Ar 
r 

(m = mass, u - velocity, r ^ radius of circle, A • proportional factor of 
the attnictive force). If the atom, supposed at rest, fell back towards 
its centre of ecpiilibrium, it would arrive theie with the kinetic energy 

A/nl.= A';:; 


from these equations it follows that 


m 

*> 


111 


i>. that kinetic and potential energies are e(|ual. Now as, acconling 
to p. 203, the kinetic energy of a gram atom is 3 2 RT 2'98T, the 
atomic heat of a monatomic solid body must be 

Cv - li X 2'98 - r)iM;. 


Exceptions to the Rule of Dulong and Petit. —Determinations 
of specific heats of solids at very low temperatures have shown that 
exceptions to this rule are not confiiietl to a few t^lemcnts. 

After various investigators* had shown that in many cases the 
atomic heats of solid substances <liiniriishcd rapidly at low tcmpera> 
lures, the author - in collaboration with many others was able to prove 
that at very low tem|>cratiires the atomic hc^ats of all th<? subsUnces 
investigated was so small that it became obvious that their r^ipmtiiy 
for heat practically vanished even at finite t(un[H 3 raturcs. 

This is clearly shown in Fig. 21 ; the experimental results are 
represented by the interrupted curves, while the dotU<l curves arc 
extrapolations of these. 

* IJ. beliii, Wioi, Antuilen^ 00, 237 (1908); AnmUen ihr (4J, 1, 287 

(1900): mien, /V»<7. Tratit, 201. 37 (1903); Dewar, Hoy. A, 76.326 

(1906). 

AntinUn (f* l*hymky 4, 30* 396 (1911) ; alwi tt imm 5 r by Koref, ihid, 30, 49 
(1911). 
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The form of the curves in this diagram shows that at sufficiently 
high temperatures a range is reached in which the law of Dulong 
and Petit is very nearly fulfilled ; it is often possible to find a fairly 
wide range of temperature in which the atomic heats (at constant 
volume) of elements, and the mean atomic heat of the atoms of a 
compound, are very nearly equal to 3/2R = 5‘96. Thus not only is 
Cy in this range independent of the temperature, but its value is 
almost exactly that required by the theory. This shows that the 
theory, though incomplete, certainly contains an important truth. 



Absolute Temperature 
Fig. 21. 

At higher temperatures, especially in the neighbourhood of the 
melting-point, Cp increases very much with the temperature, as, for 
example, is shown by the curve for iodine. This can be partly by the 
circumstance that in the equation (p. 55) 

Cp = Cy-t-T“ . 

a increases very much faster than x, so that at high temperatures the 
difference between Cp and Cy is no longer negligible. It is probable, 
however, though exact measurements are lacking, that Cy itself 
eventually becomes greater than 5*96. This is not in opposition to 
theory, since obviously when the amplitude of vibration of the atoms 
becomes big, new possibilities of vibration, and therefore new degrees 
of freedom (p. 203) arise. Theory then allows us to foresee, although 
not to calculate, this increase. 

But it is quite otherwise when we come to consider the general 
diminution of atomic heats at very low temperatures. Here we are 
only dealing with small amplitudes, and therefore the equations 
developed in the preceding paragraph should be rigidly applicable. 
Experiment has shown that, in contradiction to this theory, the 
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atomic heats of both metals and non-metals without exception 
diminish so greatly, even at moderately low temperatures, that there 
can be no doubt that at finite temperatures specific heats become 
vanishingly small. The classical kinetic theory must be fundamentally 
charged to account for this. 

The Quantum Theory. — An explanation of this disagreement 
was first given by Planck ^ in 1900, and extended by Einstein.^ We 
shall formulate the new theory as follows : 

Consider one of the three modes of vibration by which we can 
represent the motion of an atom about its position of rest, and assume 
that the energy needed for the vibration, which we can most simply regard 
as caused by collision with gas molecules, can only be taken up in definite 
quanta, a quantum being directly p^'oportioml to the period of vibration. 
The period of a freely moving atom of gas is naturally zero, and 
hence such an atom may take up kinetic energy uninterruptedly ; the 
kinetic theory of gases is therefore not affected in the least. But we 
arrive at quite new results in the case of solid bodies, or, as is quite 
analogous, when we consider the energy of the atoms of a molecule ; 
we also obtain new points of view by applying the theory of energy, 
quanta to the consideration of the energy of rotation, as shall bo 
briefly treated later on. 

Consider a solid body : the molecules of the surrounding gas must 
set themselves in equilibrium with the vibrations of the solid body 
by their collisions. According to Maxwell, the kinetic energy of the 
single atoms would vary about a mean value corresponding to the 
temperature. Let us first disregard the quantum theory and assume 
that the kinetic energy of the vibration projected on any plane is in 
equilibrium in every way with the kinetic energy of the gas molecules 
projected on the same plane, then we come to the second conclusion 
that in both cases the same law of distribution holds. If represents 
the number of atoms per gram atom, and 

_RT 

"No 

is the mean energy of the projection of the vibration of a single atom 
on any plane, then the energy of the atom (imagining that the 
atoms are arranged in order of their energy of vibration at a particular 
moment) is given by MaxwelFs law of distribution as 

N = No(l-e'B.). 

The accompanying figure shows the distribution of energy between 

* Planck, Wdrmestrahlung (Leipzig, 1906). 

® Annalen der Physik [4], 22. 186 (1907). 
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the atoms, the area enclosed between the curve, axis of x, and the 
ordinate of being of course 

NoEo = KT. 


Such a distribution (of energy) is only true if the energy of an atom 
alters regularly into the temperature. Assuming, however, as above 

that it is only possible for a gas 
molecule to give or take away 
from an atom, whose period of 
vibration about its position of 
rest is v, the energy quantum 
E 



Pig. 22. 


• = hv = 




/?v 


E. 


(or any multiple of c), then the 
law of distribution must obvi- 
ously be represented by the 
steps shown in Fig. 22 (e being 


assumed in this figure as = -^) ; all the atoms which, according to 


Maxwell, would have a smaller kinetic energy than e are absolutely 
at rest; there are a number of atoms each possessing the energy 
quantum €, the number being limited by the co-ordinate on the line 
corresponding to the value 2 e. If the abscissse corresponding to 
€ 3 , €3 • • • are Nj, Ng, Ng . . ., then the energy content of a gram 
molecule = the area enclosed between the steps, the axis of x, and the 
ordinate Nq 


e(N, - N,) + 2c(N 3 - Ng) + 3c(N, ~ Ng) + . . . 


or 


I 


0 


e Kfl + e Ko 


So^ + 2^0 “ e'^Eo^ + . . . J from (3) 

. I 



€ 


ePo — I 


Eliminating Eq by means of equatioii (4), and multiplying by 3 to 
get the total energy W of a gram atom, we get 


eHT - 1 eT - 1 


( 5 ) 
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Differentiating with regard to T gives the atomic heat 



This is Eiiisteiii^s formula. 


(6) 


Planck’s Radiation Formula. — Although it is somewhat out- 
side our considerations, for the sake of completeness we will refer to 
the fact that according to the electromagnetic theory of light every 
vibrating atom must radiate, if it is an ion, or in any way charged 
with electricity. If we apply the principle (see Chapter IX.) that 
every ion is to be treated as an ordinary atom or molecule, with the 
addition of certain properties due to its electric charge, then, as 
Einstein has shown, we can obtain a radiation formula by combining 
the above formula for the moan energy of the atom with Planck’s 
expr’ession for the relation between the mean energy of an atom and 
the density pv of its dark radiation 

c^ 

E,, •= == velocity of light). 


We find thus the two formulae 

It 

'’■'"n,; "c»“ ’ 


or 


Pf ■ 


K Sjti/* 
N„' c"' 


ft 

T r 

e 1 - 1 


according to whether we employ the oUi or the now theory of the 
energy of an atom, i.e. either 




RT 

N„ 


or 


W ■ 

^0 

Pu' ' 

eT - 1 


The first of those equations is Rayleigh’s radiation formula ; the 
second Planck’s. Only the later is in accordance with our present 
experiments. 

From radiation measurements we get 

^ = 4-865 X 10-11. 

It should be mentioned that Lord Rayleigh i showed as early as 
1900 that the law of distribution of energy failed when applied to 
closely bound atoms. 

^ Phil. May. Jan. 1900. 

S 
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Oomparison with Experiment. — In recent years I and my 
pupils have measured the true specific heats of many substances down 
to very low temperatures ; on the other side Rubens and Hollnagel 
have measured the absorption maxima of sodium and potassium 
chloride, and potassium bromide, and in all three cases have found 
two sharp absorption bands. This important discovery in all proba- 
bility indicates (as was to be foreseen) that ions are also present in 
solid crystals, and by their heat motion give rise to emission bands 
corresponding to these absorption bands. 

The test of the formula deduced above confirms qualitatively the 
diminution of specific heats at low temperatures predicted by Einstein's 
theory ; in particular, even the atomic heat of lead, which Dewar 
(1905) found to be nearly constant even at very low temperatures, 
has been found to fall rapidly. There was, however, no quantitative 
agreement, as the following table shows : 


Copper I3v^2A0 



Atomic Heats. 

X • 

Obs. 

Calc. 

88 

3*38 

3*31 

33-4 1 

0*538 

0*234 

22*5 1 

0*223 ! 

0*023 i 


In the case of potassium chloride, and other salts, of which the 
periods of the atoms could be found optically, Einstein's theory again 
only gives the approximate form of the curve : 

KCl /ir — 218 (Rubens and Hollnagel) 



Atomic Heats. 

T. 

Ohs. 

Calc. 

86 

4*36 

3-54 

52*8 

2*80 

1-70 

30*1 

0*98 

0-235 

22*8 

0*58 

0-039 


In Fig. 21, p. 254, the curves calculated according to equation 6 
are represented by thin lines, and always cut the curves representing 
observed values. 

As experiment therefore showed that the. quantum theory as it 
then stood was able to account convincingly and even surprisingly 
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for the anomalous behaviour of the energy content of solid substances, 
it appeared necessary to look for some suitable modification of it. 
By trial Lindemann ^ and I found that the formula 



fulfilled all demands : it not only gives exactly the variation of specific 
heats with temperature, but the vibration periods, calculated from 
the curves by means of this formula, agree exactly with those found 
by optical me^urements, where this is possible. In Fig. 21, p. 254, the 
curves calculated according to this equation are shown by thick linos ; 
it is obvious that they correspond exactly to the observed curves. 

It must be emphasised that this formula has the same advantage 
as the original Einstein formula, that it only conLiins one individual 
constiint, which is of course of the greatest importance both for its 
experimental proof and practical significance. 

As the above formula gives atomic heats at constiint volumes, an 
exact experimental proof is only obbiined by correcting for constant 
pressure, which the second law of thermodynamics makes ix)ssiblo. 
If wo combine the result with a relation found by Griineisen, that the 
coefficient of thermal expansion is proportional to the atomic heat, we 
obtain the equation 

Cp = Cv + Cp2TA, ... (8) 

whore A is a constant which can be calculated from meiisuiements of 
the compressibility and coefficient of expansion at any convenient 
temperature. 

The above formula so exactly reproduces the results for aluminium, 
copper, silver, lead, mercury, zinc, iodine, and diamond that I do not 
think it can any longer be considered merely a happy interimlation 
formula. As an example the results for silver are given, since this 
metal is easily obtained very pure, and therefore the measurements 
carried out are particularly reliable. 

^ SUzungsher. d. Pretiss. Akad. d. Wiss., 1911, p. 347. 

Nenist aud Lindemann, Zeit, f. Rlektroclmn,^ 1911, p. 817. 
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Silver /3v = 221 


T. 

Cv calc. 

Qi calc. 

Cp «b«. 

Observer. 

35*0 

1*59 

1*59 

1*58 

Neriist. 

39*1 

1*92 

1*92 

1*90 

>> 

42*9 

2*22 

2*22 

2*26 

if 

45*5 

2*43 

2*44 

2*47 

if 

51*4 

2*81 

2*82 

2*81 

if 

53*8 

2*97 

2-98 

2*90 

,, 

77*0 

4-07 

' 4*11 

4*07 

if 

100 

; 4*72 

4*77 

4*86 

Kuref. 

200 

5*60 

j 5*77 

5*78 

Koref, SchiraplF. 

273 

6*77 

i 6*02 

6*00 

331 

5*82 

i 6*12 . 

6 01 

1 Bartoli and Straceiati, ScliiniplF. 

535 

5*90 

j 6*45 

6-46 

j Magnus. 

.589 

5*92 

! 6*57 

6*64 

1 ’» 


The results are still more striking when we calculate the atomic 
heats of the salts investigated by Rubens simply from the optical 
measurements. 


KOI = 232*4 or 203*2 i 


T. Cv calc. 

Cp calc. 

Cp obs. 

j Obsorv(*r. 

22-8 

0*61 

0-61 

0*58 

1 

j Nernst. 

26*9 

0*70 

0*70 

i 0*76 

' J f 

30*1 

1*23 

1*23 

; 0*98 

i ” 

33*7 

1-63 

1*53 

1 1*25 

1 >f 

39*0 

1-98 

1*98 

1 1*83 

1 ” 

48*3 

2*66 

2*66 

! 2*85 

' i i 

52*8 

2*96 

2*97 

; 2*90 

1 if 

67*6 

3*25 

3*26 

I 3*06 

if 

63*2 

3*67 

i 3*59 

3*36 

fi 

700 

3*85 1 

1 3*87 

3*79 

ft 

76*6 

4*10 

! 4*13 

; 4*11 

it 

86*0 

4*40 

; 4*43 

. 4*36 

1 J 

137 

5-26 

1 6*33 

5-25 

Koref. 

235 

5*70 

5*86 

5*89 

1 „ 

331 

5*83 

6*06 

6*16 

Magnus. 

416 

5 *87 

, 6*21 

1 6-36 

> t 

560 

5*91 

I 6*36 

6*64 

it 


i 


The specific heats of sodium chloride and potassium bromide can 
be similarly calculated from optical measurements by means of th^ 
above formula with very satisfactory accuracy. 

In other cases, for example HgCl, two values for v must be used 
in the calculation ; optical measurements have not yet been carried 
out, but it seems probable that two atoms of such different atomic 
weight must have different frequencies. 

^ Hollnagel, Dissertation^ Berlin, 1910. 
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There are also a few elements to which it is necessary to ascribe 
more than one frequency in order to calculate satisfactorily the specific 
heats; sulplxnr and graphite are examples, both of them substances 
which we know to possess a complicated molecule. 

On the other hand, one must not assume that if only one value of 
“ V ” is required for the calculation, the element is monatomic in the 
solid state ; it only signifies that all the atoms in the molecule are 
equally, or nearly equally, bound. The specific heats of diamond, for 
example, are given excellently by the new formula, although its 
molecule is known to be exceedingly complicated. 


Diamond j^?r=:1940 


T. 

Cv c*ale. 

j Cp calc. 

Cp 

ObserviM’. ^ 

30 

1 

0-000 

' 0*000 

0*00 

Nenist. 

42 

0-000 

0-000 

0-00 


88 

0-006 

0-006 

0-03 


92 

0-009 

0-009 

0-03 


205 

0-62 

! 0-62 

0-62 


209 

0‘65 

: 0-65 

0-66 

,, 

220 

0-74 

i 0-74 

0-72 

>> 

222 

0-78 

' 0-78 

0-76 

Weber. 

232 

0-87 

0.87 j 

0-86 

Koref. 

243 

: 0-97 

' 0-97 1 

0-95 

Dewar. 

262 

1-16 

. 1-16 I 

1-14 

Weber. 

284 

1-37 

,1-37 ' 

1 -35 

>» 

306 

1-59 

: l-,59 !• 

1-58 

J J 

331 

i 1-82 

1-83 

1-81 

J » 

358 

2-07 

1 2-08 1 

2-12 

)> 

413 

2-53 

! 2-55 1 

2*66 


1169 

5-19 

‘5-41 1 

! I 

5-45 

” ! 


The example of diamond is not only of interest because of the 
excellent agreement with our formula over a very groat range, but 
also especially because experiment has shown that long before the 
absolute zero is reached its capacity for heat, and therefore the content 
of energy, becomes vanishingly small; in other words, temperature 
has no meaning for diamond below about 40'" absolute. 

In the following chapter we shall see that Avogadro’s law, applied 
to gases in the ideal state, can be used for most exact determina- 
tions of molecular and hence of atomic weights ; the law of Dulong 
and Petit has now also been developed far enough to allow of it being 
used for exact determinations of atomic weights. For this we require 
not only exact determinations of specific heats, but also an approximate 
knowledge of the compressibility and thermal expansion of the element 
in order to reduce the specific heats found to those at constant 
volume.^ 

^ See Nenist and Lindemami, l.c. p. 826. 
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The theoretical interpretation of formula (8), the integrated form of 
wliich is 


W 



fiv 

2 

e f _ 1 0^-1 


(9) 


is as follows. The energy content consists of two parts which are equal at 
high teiuperatim^s. The first part gives Planck’s radiation formula, while 
the second appeal's not to correspond to any radiation, as observations of KCl 
and similar substances show. It must be assuniwl tlierefore that tlie second 
part consists only of potential energy, and the formula therefore indicates 
tliat potential energy is distributed among the atoms in quanta, which are 
half as big as the ([uanta of kinetic, energy. Should this explanation, pro- 
I)osed with all reserve by Lindemanii and the author, jirove to be correct, 
new paths will he opened up for the development of the mechanics of 
the atoms. 


Melting-point. — Lindemann^ has assumed that melting ensues 
when the amplitude of the atomic vibrations becomes commensurable 
with the distance of the atoms from Cfich other, since it is the collision 
of the vibrating atoms that destroys the configuration of the crystal. 
Putting Tq equal to the radius of the circle of vibration of the atom 
at the melting-point Tg, we have 

u = 27rr(jv, 

and hence the moan energy of the atom is 
mu^ = m ' 


The formula on p. 256 gives 


inu2 = 


3R 

No 


li^ 

OTh - 1 


and since Dulong and Petit’s law is so nearly true at the melting- 
point, that is small compared to unity, this equation reduces to 

mn'= T., 


Hence 


^^0 


or 


V is proportional to . 

V tnrp“‘ 

If we assume that the atomic value V of a solid body is propor- 
tional to r^^'V r becomes proportional to / ... 

^ Phjmk, Zeitschr. 11. 609 (1910); DUse^'tatmi, Berliu, 1911. 
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In the foflowiiig table values of v, calculated from Lindemann’s 
formula, are 6topared with values deduced from speeific heat measure- 
ments by means of formula (5). 



ni. 1 

Ts. j 

V. 

1 y Calc. 

kOUh, 

A1 

23-1 1 

930 i 

10-1 

7-6 

8-3 X 10“ 

Cu 

63*6 ' 

1367 ‘ 

7*1 

6-8 

6-6 

Zn 

66-4 ' 

692 

9-2 

4-4 

4-8 

Ag 

107-9 : 

1234 

10-3 

4-4 

4*5 

Pb 

206-9 , 

600 

18-3 

1-8 

1-9 

1 Diamond 

12-0 

3600? 

3-4 

! 32-6 

40 

! I 

127 

386 

26*7 

1 

2-0 

1 NaCl 

29-2 

1083 : 

13-6 

7*2 

6-9 

KCl 

37-2 1 

1061 

18-9 

‘ 5-6 

4-5 


Lindemann’s formula explains very clearly the behaviour of the 
elements towards Dulong and Petit^s law. The exceptional behaviour 
of diamond (graphite), boron, and silicon is explained by their low 
atomic weight and very high melting-point. Lithium, in spite of its 
small atomic weight, obeys the law at ordinary temperatures, because 
its melting-point is also low. On the other hand, lead and iodine 
obey the law down to very low temperatures, because their high 
atomic weights are accompanied by fairly low melting-points and 
large atomic volume. Lindemann's formula has the practical import- 
ance that it enables us to calculate with accuracy specific heats of 
elements, and also, as Koref ^ has shown, of simple compounds, down 
to the lowest temperatures, from very simple data. 

It is not without interest to point out that the quantum hypothesis 
could have been completely developed iiidependeutly of any oi)tical mcasui e- 
iiients, from measurements of specific heats, and from the atomic Aveights, 
melting-points, and atomic values of the elements. But there is no doubt 
that the optical determination of frequencies is hy far the most reliahle, and 
it is tlierefore important to i*efine the optical methods as much as possible, 
and apply them to as many cases as possible. The method, however, fails 
when we are concerned with uncharged atoms, as, for example, those of 
diamond. 

Elasticity. — The forces which tend to bring an atom back to 
its position of rest, and which we can suppose to be proportional to 
the displacement for small displacements, whatever be the law of force 
between the atoms, not only determine the fundamental frequency v, 
so frequently referred to above, but obviously must directly influence 
the whole behaviour of solid bodies. 

In spite of many noteworthy attempts, ^ we do not yet possess a 
satisfactory equation of condition of the solid state of aggregation ; it 
1 Phyaik, Zntschr. 13. 183 (1912). 

* See especially G. Mie, Aniuilen des Physih [4J, 11. 657 (1903), and E. Griiueiaen, 
Verhandl. d. Physik. GeaMch. 13. 836 (1911). 
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has, however, been found possible closely to relate the compressibility 
with the frequency of the atomic vibrations. 

Sutherland ^ rightly assumed that longitudinal waves whose half 

wave - lengths ^ is of the same order of magnitude as the mean 

distance 6 between the atoms, have a frequency 

2v V 


where v is the velocity of sound in the body. 

The relation between compressibility and atomic frequencies was 
subsequently more exactly defined from considerations developed by 
Madelung*^ and afterwards by Einstein.*^ Both authors assume that 
only neighbouring atoms act upon each other — an assumption which 
is, of course, open to question. Assuming “ close packing ’’ of the atoms, 
F. A. Lindemann finds from these conditions that 


1^1 1 

V = 2*92 X 10’^ m3^ ox~2 

(m atomic weight, p density, x compressibility) ; Einstein assumed 
cubical packing, and found the multiplying factor to be 2*77 x 10*^. 



Hi. 

P- 

X. 1012. 

V Calc. 

A1 

27-1 

2-6 

1*4 

6*65 

Cu 

63-6 

8-9 

0-75 

5*78 

Ag 

108 

10-5 

0-98 

4*10 

Fh 

207 

1 11-4 

2-4 

2*21 

Diamond 

12 

3-5 

[ about 0*5 

14-1 

KCl 

37-3 

1*97 

! 5-6 -7-4 

2*7 -2*9 

NaCl 

29-3 

1 

2*17 

; 4-2 -5*0 

3*7- 4*1 



1 


i 

' 


yObs.xlO’2. 


8 -a 
6*6 
4*5 
1*9 
40 
4-7 
5'9 


Method. 


Sp. heats. 


> » 

/ Optic.al measurements 
1 1 and sp. heats. 


In the light of the above considerations we may consider as 
“ monatomic” those substances which obey formula (7), p. 259, with only 
one value of v.^ The numbers agree excellently in some cases, and 
are always of the same order of magnitude ; further investigation is 
needed to decide whether the agreement would be better if the values 
of the compressibility wer^ better known (as, for example, in the case 
of diamond). 


Very remarkable, and obviously of great importance for the development 
of the theory of solid bodies, is A. Euckeu’s observation that the conductivity 

1 PhU. Mag. [6], 20 . 657 (1910). 

Physik. Zeitschr. 11, 898 (1910). 

^ Ann. d. Phya. [4], 34. 170 (1911). 

^ As F. A. Jvindenmnn pointed out (Solvay Congress, 1911), these are all substances 
crystallising in the regular system. 
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for heat of crystallised substances becomes very large at low temperatures ; ^ 
rock-crystal coliducts heat at 20“ abs., about half as well as copper at the 
ordinary temperatures. Amorphous solid bodies have a very much smaller 
conductivity, even at low temperatures. Obviously, this is a resonance 
phenomenon — we ciinnot at prescuit de.line Ixitter the natui*e of conductivity 
for heat at temperatures at which atomic heat, and hence also atomic energy, 
is very small. Only in crystals, not in amorphous bodies, is the synchronism 
of the atomic vibrations improved by lowering the temperature ; recent 
optical measurements by Rubens and Ilertz ^ have confirmed this. 

Specific Heats of Gases. — The quantum theory has also thrown 
new light on this problem. The gradual increase of the specific heats 
of gases can be explained in the light of the formula (6), p. 257, or 
better, formula (7), p. 259, by the gradual development of new degrees 
of freedom. If, for example, the two atoms in a molecule of oxygen 
are very firmly bound together, their frequency of vibration will be 
very high, and the molecule will behave at low temperatures like a 
solid body, and only at high temperatures will the energy of the 
vibrations of the two oxygen atoms about their position of rest 
become noticeable. The principal difficulties which we met on p. 204 
are thus completely removed. Bjerrum ^ has confirmed this theory 
quantitatively by calculating the rise in specific heat of carbon 
dioxide at very high temperatures out of its optical absorption. 
The rottition of solid molecules at low temperatures must also vanish, 
because its existence is not in accord with the radiation laws in this 
region. Eucken ^ showed, in fact, that in the case of hydrogen, the 
molecules of which have the greatest velocity of rotation, the molecular 
heat Cv, which is at ordinary temperatures, sinks to |R at 60" 
absolute; it behaves therefore actually as a monatomic gas at low 
temperatures. This result, foreseen % the author on the grounds 
of the quantum theory, would have been quite inexplicable on the 
old theory. The fact that monatomic gases have no energy of 
rotation can be explained on grounds that on account of the smallness 
of the atom, any noticeable energy of rotation would lead to 
inadmissibly high frequencies. In the following table are given the 
molecular heats of a number of gases to illustrate more closely the 
considerations of this paragraph, and of those on p. 203. The 
numbers are derived partly from measurements carried out in my 
laboratory in recent years, and partly from the older observations of 
Eegnault, E. Wiedemann, Strecker, and others. 

1 Ann. (L Phya. [4], 84 . 185 (1911). 

Siizimgsher. d. Preim. Akad, d, JVisa.t March 1912. 

3 ZeUschr. 'f. KlekirocJtem. 17 . 731 (1911) ; 18 . 101 (1912). 

■* SitzufKjsbcr. d. Preusa, Akrnl. d. Wias., Feh. 1912. 
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Values of 





Teniperaturo (Cent.). 



(3as. 

for Ui«i(l 








MoIhciiImh. 

0. 

100- 

300. 

500. 

1200. 

2000. 

A 

2-978 

2*98 

2*98 

2*98 

2*98 

3*0 

3*0 

H, 

4*963 

4*75 

4*78 

5*02 

5*20 

5*8 

6*5 

NAHCICO 

4*963 

4*90 

4*93 

5*17 

5*35 

.6*75 

6*22 

C 12 

4*963 

.6*8.6 

5*88 

6*12 

6*30 

.6*94 

6*38 

H .20 

5*95.6 

5*93 

5*97 

6*45 

6-95 

8*6 

12*1 

C0.2, SOo 

5*9.65 

6*80 

7*43 

8 -.63 

9 43 

11*1 

11*5 

NH, “ 

5*9.65 

6*62 

6*82 

7*41 

8 *.62 



(C2H,j,0 

5*955 

about 32 

32*6 

41 ‘6 





A General Law concerning the Behaviour of Solid Bodies 
at Low Temperatures.^ — The measurements of specific heats, 
referred to above, have confirmed without doubt the conclusion of 
the quantum theory that there is a certain range of temperature, 
from absolute zero upwards, for every solid substance, in which the 
idea of temperature has practically no meaning. Every property 
which is determined by the average behaviour of the atoms, for 
example, the volume V, must be independent of the temperature in 
this region. 

For example, 

dV 

lim 0 (T = 0). 

The (juantum theory actually demands that 
lim^”^^ = 0(T = 0), 

where n can bo any number, but this relation can hardly be regarded 
as fulfilled. 

Wo can go a step further and apply to solid })odies arguments 
analogous to those applied with success to dilute solutions. The 
change in any property of a dilute solution, caused by the addition 
of very small quantities of the solute, can be assumed proportional to 
the concentration of the latter. Now there is a certain range of 
temperature within which the atoms of a solid body are nearly all 
at rest ; a very small number of the atoms has a single quantum of 
energy, while the number of atoms possessing more than one quantum 
can be entirely neglected. We can regard therefore the solid body 
as a very dilute solution of the atoms with one quantum of energy 
in the much larger number of. atoms at rest — the concentration of the 
former being proportional to the total energy content. It is obviously 

^ Nernst, Physik. Zeitschr, 12 . 976 (1911). 
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immaterial if the energy quanta continuously change from atom to 
atom. The body is generally within this region if it is cooled to 

the temperature , a temperature usually (juite attainable in practice. 
6 

Expansion by Heat. — We can conclude from the above that the 
volume at low temperatures is given by 

V = Vo + aW 

(W = energy content per gram atom) ; the coefficient of thermal 
expansion is therefore 

dV dW ^ 
dT=^“df = 

i.e. at low temperatures it is proportional to the specific hctat. 
Griineiseii^ has shown that this result is true up to quite high 
temperatures in the modified form 

(at low temperatures Cv and Cp are almost exactly equal). Griineisen 
developed this result thermodynamically as follows : the theorem of 
thermodynamics put forward by the author can be written in the 
form (Planck) 


(S ~ entropy). Putting 


we have 


and therefore 


f)T“ VIV'F VIVt?p’ 

as /•'"i 9c,, /•’’i f)i/ 0 Cp 

f>=-ioT0p ‘*'-0T'=r/ap f)T “- 


r 1 (iv 


Assuming that r and are independent of the temperature, it 


follows that 


dV 1 0. 


This result, which can only be applied to a body all the atoms 

^ Verhandl. d. Physik, OcselL 13. 426 (1911). . ^ t 

® Tliis assumption is only strictly true for Cv, tut must also l»e very apjtroximately 
true for C«. 
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of which have the same frequency, has been well confirmed by 
experiment. Charles Linderaann^ in especial has recently measured 
coefficients of expansion down to the temperature of liquid hydrogen, 
and has shown that they arc not only very small at low tempera- 
tures, but are strictly proportional to the atomic heats at different 
temperatures ; he further found that the effect of temperature on the 
expansion by heat was not that expected from Einstein’s formula, but 
agreed well with results calculated from the modified formula of F. A. 
Lindemann and myself. Other properties which have been shown 
with more or less certainty to be independent of the temperature at 
low temperatures are compressibility, electrical conductivity of the 
metals, and also the thermodynamic functions of total and free 
energy. We shall return to these in the fourth book. 

J Physik. Zeitschr, 12. 1197 (1911). 



CHAPTER IV 


THE DETERMINATION OF THE MOLECULAR WEIGHT 

The Molecular Weight of Gaseous Substances.— Formerly gases 
were the only substances the molecular weights of which could be 
directly determined, and it is only recently that it has become 
possible to measure the same values for substances in dilute solution. 
The theoretical reasons which underlie these methods have been 
already thoroughly treated in discussing the theory of the gaseous 
state and of solutions. The chief aim of this chapter will be devoted 
to the experimental realisation of these methods. 

Since, according to Avogadro's rule (p. 200), under similar con- 
ditions of temperature and pressure, different gases contain the same 
number of molecules in a litre, therefore the densities of any two gases 
are in the ratio of their molecular weights. It is customary to refer the 
density, I), of a gas to atmospheric air at the same temperature and 
pressure. The density of air at 0° and atmospheric pressure in 
latitude 45"' is 0*0012932, compared with water at 4°; hence the 
density of the gas under the same conditions is 

0*00129321). 

Since 1 mol of an ideal gas under normal conditions occupies 
22,412 C.C., the density is 

M 

22,412 

if M be the molecular weight. 

Hence 

M = 0*0012932 . 22,400D = 28*9831), 
or nearly enough 

M = 290D. 

All the practical methods for the determination of the density of 
a gas amount to determining either 

(1) The mass of a gas filling a measured volume at a known 
temperature and pressure ; 
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Or (2) the volume filled by a weighed amount of a vaporised 
substance ; 

Or (3) the pressure exerted by the evaporation of a known 
amount of the substance in a measured volume at a given tem])erature. 

Moreover, in practical work in the laboratory, it is not so necessary 
that a vapour density method shall be ca{)able of measurement with a 
high degree of accuracy, as that it shall be certain and simple. For 
since the percentage composition is furnished by analysis, a deter- 
mination of the vapour density within 1 per cent is amply sufficient 
to determine which me of the diflerent possible molecular weights in 
question is to be selected as the correct one. 

Regnault’S Method. — For the determination of the density of a 
substance which is already gaseous under the ordinary conditions of 
temperature and pressure, liegriault aised two glass bulbs of nearly 
the same size, which were hung from the arms of a sensitive balance. 
One of the bulbs was first exhausted; and then filled with the gas to 
bo investigated at a known pressure. The second bulb merely served 
to avoid the very considerable coiTection duo to the buoyancy of 
the air.^ 

As is well known, liegnault in this way was able to measure the 
density of the permanent gases with satisfactory accuracy (p. 40). 
But for use in the chemical laboratory, when Ihpiid and solid 
substances are to be investigated, other methods are employed, of 
which the following are the most important. 

Dumas’s Method (1827). — A light glass bulb, holding about 
250 C.C., is drawn out at the opening to a long thin point, and then 
weighed. After partially exhausting it, by previous warming, 
about 1 g. of the liquid substance is drawn up into it. It is 
then placed in a heating bath, which has a measured constant 
temperature which must be above the boiling-point of the substance 
to be volatilised. After the contents have been completely volatilised, 
the point of the opening is sealed by melting the glass with a blow- 
pipe. The bulb, when cooled and cleaned, is then weighed again. 
Then it is filled with , water by breaking off the sealed point under 
water. The experiment is regarded as satisfactory, only when the 
bulb is filled practically completely with water, showing that only 
traces of air remain. Its volume is obtained by weighing it filled, 
including the point broken off ; an approximate weight suffices here. 

Let m denote the weight of the bulb filled with air, m' that when 
filled with the vapour, and finally M that when filled with water. 
Let t and b be the temperature and barometiic pressure at the 
moment of sealing the opening, and t' and b' the corresponding values 

^ This method has hoen used recently by llayleigh, (drafts, Leduc, Morley, etc., and 
worked out more thoroughly ; see Morley, Zeitschr, /. phys. Ohem, 17 . 87 (1895) ; 20 , 
68 and 242 (1896). 
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at the first weighing; Let A be the weight of 1 c.c. of air at pressure 
b' and temperature x!. Then will the density D bo equal to 


T) = 


'm' -ml \b' 

>M-m Vb 


1 + 000367t 
1 + 0-00367t'' 


Since 1 c.c. of atmospheric aii' at O'" and 760 mni. weighs 0*001293 g., 
therefore A amounts to ' 


0*001293 J/ 
lV0*00367t' 760* 

The Gay -Lussac« Hofmann Method (1868). — A measured 
quantity, m, of the liquid in question is enclosed in a tiny iKXttle 
with a glass stopper. This is then introduced into an upright 
barometer and allowed to rise into the vacuum above the mercury. 
By means of a steam jacket, heated with the vapour of a suitable 
liquid, th^ barometer is warmed to such a temperature that the 
contents of the tiny bottle are vaix)rised. From the volume v, finally 
occupied by the vai>ori8ed subsUnce at the temperature t, the density 
D is found to be 


where again tlie value of A, the weight of 1 c.c. of air, at the 
temperature and pressure of the vaporised substiincc, is oblained 
from the formula, 

0*001293 b-h-e 
^■“l'T0*60367t 760 ' 

Here the lU’essurc, at which the vapour in the barometer tube shinds, 
is equal to the oxternar barometric pressure, b, at the time of the 
experiment, reduced to zero, minus the height, h, of the mercury 
column over which the vapour stands, reduced to zero, and minus also 
the vapour tension of mercimy e, at the temperature t. 

Victor Meyer’s Method by the Displacement of Air (1878). 

— All the methods thus far described are far siiiqKisscd in simplicity 
and certainty by this method. It shares with Hofmann’s method the 
advantage of requiring only a very small quantity of a sul)stance. 

A long “pear-shaped” vessel, A in Fig. 23, is heated to a am- 
slant temperature^ which must be above the boiling-point of the 8ul> 
atance to be investigated, either by means of a heating bath,^ or in 
any other suitable manner. It is not necessary to know this 
temperature in order to calculate the vapour density. The pear 

* For the dcHcription of a aimple Imth, see V. Merer, Jtrr. iMuiach. Chetn. (ia. 19 . 
1861 ( 1886 ). 
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tube extends into a long tube of smaller diameter. This is closed 
at its upper end, near which are two side tubes. One of these 
leads to a small delivery tube or to a gas burette. The other 
carries a glass rod which is provided at the opening with a tightly- 
-- fitting rubber tubing. This serves to drop the 

J®! ^ substance. It is somewhat enlarged in Fig. 23. 

On the small glass rod rests the substance to be 
used, enclosed within a tiny glass flask if it is a 
liquid, or if a solid, iii the form of a little rod, 
obtained by sucking the molten substance up into 
a glass tube. 

After the temperature has become nearly con- 
stant, as will be shown by the cessation of bubbles 
from the delivery tube, the substance is dropped by 
slipping back the glass rod, which is drawn back 
into position again by the elastic rubber. The 
substance falls to the bottom of the pear-shai)ed 
flask, which is provided with a cushion of asbestos, 
spiral wire, merciuy, or the like, to avoid its 
being broken. The substance is at once vaporised. 
The disengaged vapour displaces the air above it j 
if this occurs before there is any marked diffusion 
or condensation into the colder parts of the 
apparatus, then the volume of air displaced (which 
is measured in the eudiometer, or in the gas 
burette), corresponds exactly to the volume which 
would be occupied by the substance in the form of vapour at the same 
conditipns of temperature and pressure. Thus the density I) is 

760 1 + ()-004t 




Ki«. 2a. 


1 ) = 


m 


b 0*001293 


= 587,800^^ (1 + 0 004t). 


Here m denotes the quantity of the substance used in grams, b the 
pressure in millimetres, and t the temperature at which the displaced 
volume, V, of air (measured in c.c.) is observed. The factor 0*004 is 
taken instead of the usual coetticient of expansion 0*00367, in order to 
take account of the moisture of the air. 

One may also drop the substance into the pear-shaped flask by 
o[)ening the stopper and closing as quickly as possible. A heating- 
jacket of glass around the “ pear may be used when the temperatures 
do not run too high. 


It must be observed that the ]>artial pressure at which the vaporised 
substance stands is neither definite nor constant ; but that from the bottom, 
where the substance is only slightly intermixed with the air present, and 
therefore where the pressure is almost equal to the atmos]>heri(! ])ressure, the 
partial pressure gradually sinks to zero at the top, and thus that it diminishes 
at all intermediate points with increasing dilfusion. But this variation of 
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tlie partial pressure, resultiug from dilution with the obstructing air, may be 
disregaitled in the measurement {i.e, in the measureiuent of the displaced 
air), pr'ovided that the dtsenyaged vapour conducts itself as an ideal gas and 
obeys Boylds law. Only in such cases will the (piautity of displactd air be 
as great as though no intermixture had occurred through diffusion. 

But the behaviour is entii'ely different when the substance under 
investigation is dissociated (see Chapter VII.), and dissociates moi'e and more 
as the paitial pressure diminishes. In that case, the quantity of air dis- 
placed will be gi*eater the more quickly the mingling occurs, and the results 
obtained will no longer bear a simple interpretation, lan'auwi one dot*s not 
know how far the mixture had gone at the time of the meiisurement., ami 
therefore what the relative pressure may l>e under which the vaporised 
substance was studied. 

The M^ay in which the air is displaced may thus iiidiciite qualitatively, 
whether the vaporisc*.d suljstance is conducting itself normally, or whether 
dissociation is taking idace ; in the lattei- case, the wefJwd, is unsuitable for 
exact yneasurements, and 'loillnot give simple results. (See Book 111. Chapter 
II., “ Iiiftuence of Indifferent Gases.”) 

The Determination of the Vapour Density at Very High 
Temperatures. — At high temperatures, Hofmann’s method is dc- 
})arrccl on account of the great vapour tension of mercury, and also for 
other reasons. The method of Dumas is (piite difficult to use, since 
we are debarred from using a glass bulb at high temperatures (above 
650'’), and if a porcelain flask is used according to the modiffciition of 
Deville and Troost, its point must bo sealed with the oxyhydrogen 
blow-pipe. On the other hand, the method of the displacement of air 
has been used recently with very good results, even at very high 
temperatures (up to 2000'’). 

For the material of the heating bath there may bo used boiling 
sulphur (444'’), or boiling phosphorus pentasulphido (518°), or boiling 
stannous chloride (606°), and for still higher temperatures a charcoal 
furnace, or a Ferret’s gas furnace which is fed with an air blast. As 
shown by the researches of Nilson and Petterssoii (1889), and also by 
those of Biltz and V. Meyer (1889), it is possible in this way to reach 
and measure high tomjjeratures which are sufficiently constfint during 
the investigation ; these temperatures are easily regulated by con- 
trolling the supply of gas, and mounted as high as 1730°. 

Using water-gas in a Perrot^ furnace Biltz ^ attained a tem[)eraturc 
of 1900° ; suitable materials for a vessel to use at this temperature have 
only recently been known (see below). 

The pear-shaped vessels and the extension tubes are protected 
against injury, by making them of platinum free from soldering with 
any other metal, or of porcelain glazed both inside and outside. The 
latter has the advantage that it can be subjected directly to the gas 
' For a de.Hcriptlon of the Perrot furnace aee V. Meyer and 0. Meyer, Jiei\ Ueuisch. 
Cketn. Oes. 12 . 1112 (1879). 

* Zeitschr. phys. Chem. 19 . 385 (1896). 

T 
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flames ; while the former, on account of its ready permeability by gases 
at high temperatures, must be protected from direct contact with the 
flame by a surrounding mantle of porcelain. Inasmuch as the porcelain 
“l)ears’^ begin to soften at 1700"’, it is recommended that they be 
wrapped in thick platinum foil in order to increase their resistance 
to heat. 

The dropping apparatus, and the tube delivering to the gas burette, 
are as before made of glass, and provided with rubber fittings at the 
ends of extension tubes which reach far enough out of the furnace ; 
they are protected from being heated by a screen at the side of the 
furnace. 

In general the measurement differs in no detail from that conducted 
at lower temperatures, except that the substance cannot be vaporised 
in air on account of the great chemical activity of oxygen at high 
temperatures ; therefore, before the experiment, the apparatus must be 
filled with some neutral gas, as nitrogen or carbon dioxide. 

Although, as previously emphasised, it is not necessary to know 
the temperature at which the substance is vaporised, yet it is never- 
theless of great advantage in the case of substances which change their 
molecular Avoight with rising temperature. • As a matter of fact, 
Nilson and Pettorsson, V. Meyer and others, without making the 
apparatus very complicated, succeeded in making vapour density 
determinations, combined with quite reliable determinations of the 
temperature. 

One method consists^ simply in using the “pear” as an air 
the/nnometer by heating it from the initial temperature (as 0° or the 
temperature of the room), and measuring the volume of the air dis- 
placed ; from this the final temperature was calculated fiom the well- 
known expansion coefficient of gases. 

It is necessary to introduce a correction due to the exjiansion of 
the “ pear ” with the temperature ; this is given by the coefficient of 
volume expansion of the material of which it consists. Now it must 
be noticed that only the “ pear ” itself is exposed to the temperature 
which it is desired to measure, and this temperature diminishes along 
the extension tube down to the temperature of the room. As the 
correction which this involves introduces much difficulty into the 
calculation, it is determined directly by means of a compensatm ' ; this 
is a companion tube closed below, of the same material as the extension 
tube, of the same form, and placed parallel to it and as near it as 
possible. 

By subtracting the amount of gas driven out of the compensator 
from that driven out of the vapour density apparatus, one obtains the 
amount actually driven out of the “ pear ” by the elevation in tem- 
perature, which, reduced to 7 60 mm. and O"’, amounts to v. Further, 

^ Nilsou ninl Pettersson, J, Ch. [2], 33. 1 (1886) ; Biltz and Meyer, Zeitscfir, 
phys. Chevi. 4 . 249 (1889). 
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if V denotes the content of the pear ( = the total content minus the 
content of the compensator), a the coefficient of expansion of gases 
(0*00367), and y the cubic coefficient of expansion of the material of 
the pear (0*0000108 for porcelain and 0*000027 for platinum), then 
the final temperature is given by the simple formula : 

t= "" 

V (tt — y) - Va 

At very high temperatures, when only about Uh of the original 
air remains in the apparatus, the method loses its accuracy, because 
here a very great increase in temperature causes the expulsion of only 
a very slight quantity of air. 

Another method, used at the same time by Ci*afts and by V. Moyer,^ 
works much better ; this requires a more complicated appiii-atus, and 
consists in driving out the air or nitrogen contained in the appanitus 
at atmospheric tempemture, and again at the temperature of the 
experiment by carbon dioxide or by hydrochloric acid ; measuring the 
former in a gas burette, while the displacing gas, in a (piick stream, is 
absorbed by a solution of caustic potash, or by water in a gas burette. 
The displacing gas is introduced into the apparatus through !i narrow 
tube which is fused into the lower ptirt of the pear, and runs parallel 
with the extension tube ; and similarly the introduction of the gas into 
the compensator is effected by means of a tube sealed into it, anrl 
running parallel with the extension tube. The use of such an 
apparatus is rendered impossible in the case of porcelain pears by 
reason of technical difficulties, but pears of glass and platinum prove 
well suited for this purpose. 

If V denotes the volume of the pear at O'* and 760 mm., and v 
that of the heating jacket containing dry nitrogen referred to O'" and 
760 mm., then the temperature of the experiment (as before) is 

t= . 

va - Yy 

Of course V and v are regarded as corrected by the subtraction of 
the corresponding quantity of air driven out of the compensator. 

The author - has recently succeeded both in simplifying the pro- 
cedure described above and in extending the range of temperature 
available to 2000°. A small iridium vessel (made by Iloraeus of 
Ilanau) containing about 3 c.c. was heated by an electrically heated 
iridium tube : the small amount of gas driven out was measured by 
the movement of a mercury drop in a calibrated glass tube. The 

» Crafts and Fr. Meyer, C.B. 90. 606 (1880); V. Meyer and Ziil.lin, Jkr. 13. 
2021 (1880). See also Langer an<l V. Meyer, Pyrochemische, Untersuchungen, BruuH- 
wick (1886) ; Mensching and V. Meyer, ZeiUchr, jtfiys. Cliem. 1, 146 (1887). 

® W. Nernst, Z, f. Elektroch. (1903), p. 622 ; cf. further Lowenstein, ZeitacJtr. 
phyg, Cheni. 64. 707 (1906) ; and v. Wartenberg, Her, De^Usch* <Jhcm. Ves. 39. 381 
(1906) ; Zeitachr. atimy. Chem. 66. 320 (1908). 
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substance to be gasified was weighed — usually a fraction of a milli- 
gram — on a “microbalance,” constructed like a letter balance, the pan 
being fastened at right angles to a horizontally stretched quartz fibre. 
The temperature was measured by the emission of light from the 
bottom of the iridium vessel ; this was compared with a photometric 
electrolytic glower (of a Nernst lamp). With this apparatus fairly 
accurate measurements could be taken easily and rapidly. 

The Determination of the Vapour Density at Diminished 
Pressure. — An important method of vaporising substances consists 
not only in raising the temperature, but also in diminishing the 
pressure 3 and indeed the latter alone is applicable when an elevation 
of temperature is attended by a decomposition of the substance which 
makes the determination of its vapour density impossible. The 
method of Hofmann is the only one of those described above, which 
permits the evaporation of the substance in a vacuum, and which 
therefore gives a determination at any desired diminished pressure. 
By combining the bulb used in the method of Dumas with a water- 
pump and a manometer,^ the pressure can be reduced very low ; but it 
is obvious that, on weighing the very small residue remaining in the 
bulb, the method loses in accuracy very considerably. 

Finally, it has been recently shown by V. Meyer ^ that it is possible 
to determine the vapour density of a substance at temperatures from 
20^ to 40° below its boiling-point hy talcing ]pains to vaporise it quickly. In 
order to accomplish this it is necessary to spread the substance out 
quickly on the bottom of the pear. This is accomplished by dropping 
solid substances in the form of tiny rods, and liquids enclosed in 
little flasks of Wood’s metal, which melt immediately on arriving at 
the bottom of the pear. Also the use of hydrogen, as the packing gas, 
was found to be of advantage in increasing the speed of vaporisation, 
on account of its high rate of diffusion. 

Finally, a number of. particular methods have been described for 
the determination of vapour densities at diminished pressures. 

Malfatti and Schoop,^ and Eykmann ^ as well as Bleier and Cohn 
also in a modified way, measure the increase of pressure occasioned, 
in a space of known volume which is almost completely exhausted, 
by the vaporisation of a known quantity of the substance in question. 
Schall ® compares the increase of pressure, resulting from such evapora- 
tion as that just described, with the increase of pressure from the 
admission of a known quantity of air into the exhausted apparatus, or 
from the escape of carbon dioxide from a known quantity of soda ; in 

1 Habermann, Lieh. Ann. 187 . 341 (1877). 

2 Demutli and Meyer, Ber. 23 . 311 (1890) ; Kranse and V. Meyer, Zeitschr. 
phys. Ghent. 6 . 5 (1890). 

^ Zeitschr. phys. Chem. 1, 159 (1887). 

^ Ber. 22 . 2754 (1889). ® Monatshefte f. Ghem. 20 . 909 (1900). 

8 Ber. 22 . 140 ; 23 . 919, 1701 (1890). 
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this method it is not necessary to know the volume of the apparatus. 
An apparatus has been described by Lunge and Neuberg^ which 
consists of a combination of V. Meyer’s apparatus with a Lunge gas 
burette, and allows a very elegant control of the pressure under which 
the substance is vaporised. 

The gas baroscope of Bodlander’s^ arrangement depends on the 
method of displacement, but the increase in pressure at constant 
volume is measured ; a special advantage of this is that it avoids 
reduction to normal volume. 


Calculation of Atomic Weight from Gas Density. — Atomic 
weights can be calculated from the molecular weights determined 
according to Avogadro’s law (p. 168); usually this has only been 
done in an approximate manner, the exact value being subsequently 
arrived at by analysis. 

This method has been used by Rayleigh and Leduc, and in recent 
years with remarkable success by Daniel Berthelot in Paris and 
Philip A. Guye in Geneva. 

The reduction of the observed density to the density in the ideal 
state has been accomplished in a number of ways, of which Guye 
has given an excellent summary.^ We shall only consider here D. 
Berthelot’s equation of state (p. 242); this has the advantage that 
it is very convenient to use, although, as Guye has pointed out, it 
is not quite true for substances of high boiling-point, which are far 
removed from the gaseous condition at ordinary temperatures. It is 
to be hoped that by substituting for one of the numerical factors in 
this equation a function of the absolute temperature T, the accuracy of 
the equation may be greatly increased when applied to non-associated 
substances. 

From equation (2), p. 243, we obtain easily 


Do = D 




where D is the density at pressure p, and the density reduced to 
zero pressure. 

According to Avogadro’s law the molecular weight of any gas of 
density is given by 


M- 32000 


Do 00014279 


32 

whore Ho^oo/no density of oxygen in the ideal state under 

normal conditions. 


’ £er, 24 . 724 (1891). Ibid. 27 . 2263 (1894). 

^ Journ, de chim. phys. 6. 769 (1908). This paper contains references to the 
literature of the subject. 
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The correction terms can also be determined by measurements of 
the compressibility of the gas ; we can put with sufficient accuracy 


Do = D(l- 



that is to say the density (reduced to normal conditions) at constant 
temperature alters linearly with the pressure. If pv is therefore 
measured at different pressures, and extrapolated linearly to p = 0, Le, 
to the ideal state, we obtain D. In this way D. Berthelot found the 
following molecular weights : ^ 


Ha Na ' CO 

d 0 *06*2865 0*87508 0*87495 

A -0*064 +0*038 0*046 

M 2*0145 28*013 28*007 


02 

1*0000 

0*076 

32*000 


COa 

1*38324 

0*674% 

44*000 


NaO HCl 02112 SOa 

d 1*38450 1*14836 0*81938 2*04835 

A +0*761 0*790 0*840 2*358% 

M 44*000 36*486 26*020 64*050 


Under A are given the corrections in per cent, calculated as 
described above; the observed densities must be reduced by these 
amounts to yield correct molecular weights. The atomic weights 
deduced from the latter are given in line (I.) below, while in (11.) are 
the atomic weights from the table, p. 34 : 

o H c N 8 Cl 

(I.) 16*000 1*0075 12*004 14*005 32*050 35*479 

(II.) 16*000 1*008 12*00 14*01 32*07 35*46 

The remarkable agreement is evidence that Avogadro^s law is true, 
in the limit, with great or, perhaps, complete accuracy. 

The Determination of the Molecular Weight from the 
Osmotic Pressure of the Dissolved Substance. — It has been 
already stated that it is possible to determine the molecular weight of 
any desired substance in any selected solvent, provided the concentra- 
tion is not too great ; this depends upon van’t Hoff^s generalisation of 
Avogadro^s rule ; according to this, the osmotic pressure of a ^hstance in 
solution, like the pressure of a gas, is independent of the nature of the 
molecules, hut simply p'opmiional to their number, and is identical with 
the corresponding gas pressure (see p. 150). Thus, if there are c grams 
of a substance dissolved in 1 litre of any selected solvent, and if the 
pressure at the temperature t, exerted by this on a partition (which 
is permeable for the solvent, but not for the dissolved substance), 
amounts to p atmospheres, then the molecular weight of the dissolved 
substance is calculated to be 


M = 22'41(l +0-00367t)^; 

for (p. 41) 1 mol. of any selected gas, when enclosed in the space 
of 1 litre, at 0°, exerts a pressure of 22*41 atm., and at t° a pressure 
^ Joiirn, de Phys. [3], 8. 263 (1899). 
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of 22’41 (1 +0'00367t); and the osmotic pressure is equal to this, 
multiplied by the relative number of molecules, namely : 1, from 

which we derive the preceding formula. 

Now the direct experimental determination of osmotic pressure 
is attended by great difficulties ; hence osmotic measurements for 
molecular weight determination have been used ohly occasionally, as 
by de Vries, ^ who determined the molecular weight of raffinose by 
comparing a solution of it with the known osmotic pressure of a 
plant-cell, by the plasmolytic method. 

On the other hand, we possess several methods for the indirect 
measurements of the osmotic pressure, which give simple and exact 
results ; we are indebted to Eaoult especially for their discovery. 
Since the lowering of the freezing-point, of the vapour pressure, and 
of the solubility, experienced by a solvent on adding a foreign sub- 
stance, are all proportional to the osmotic pressure of the substance 
added, by measuring these depressions we obtain directly the molecular 
weight of the dissolved substance. 

The Depression of the Freezing-Point. — If the addition of m 
grams of a substance to 100 g. of a solvent lowers the freezing-point 
of the latter t degrees, then the molecular weight of the dissolved 
substance is calculated from the formula 


M = E- 


t ’ 


here E, the “molecular depression of the freezing-point” of the 
particular solvent used, is obtained from the heat of fusion w, of 1 g. 
of the solvent, expressed in g.-cal. and from its fusing-point T in 
absolute temperature \ thus 


m 2 

lOOw 


0’02 


rp2 

W 


The molecular depressions of the freezing-point for the solvents 
thus far investigated are given in the table on p. 149. Tlie accuracy 
of the formula requires that the pure solvent shall freeze out of the 
solution, and not a mixture of the solvent with the dissolved substance 
(p. 165). 

A great variety of apparatus, essentially the same in principle, 
has been designed to measure the depression of the freezing-point. ^ 
Of these we will describe the apparatus constructed by Beckmann,^ 

1 G.R. 106.751 (1888). 

2 Raoiilt, Ann. chim, phys. [6], 2. 93 (1884) ; 8. (1886) ; Zdtschr. phys. Ohem. 
9 . 343 (1892) ; Hollemann, Bcr. 21 . 860 (1888) ; Auwers, ib. 701 ; Eykmann, 
Zeitachr. phya. Ohe^u 4. 497 (1889) ; Fabinyi, ift. 2. 964 (1888) ; Klobukow, ih. 
4. 10 (1889). 

^ Z&itachr. phys. Ohein. 2 . 638 (1888). See especially G. l^lch8, Anleitung zu 
MoUkiiJaTyeitnchtabestimmUTigeii^ Leipzig (1896). 
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which was universally adopted in a very short time, and which enables 
one to measure the lowering of the freezing-point very simply and 
accurately. 

The vessel A, Fig. 24, which is designed to hold the solvent, con- 
sists of a thick-walled test-tube having a side tube. After pouring 
in the solvent, about 15 or 20 g. being 
weighed or measured out with a pipette, 
there is introduced a stirrer made of thick 
platinum wire, and then the thermometer D, 
fitted with a cork. In order to hold the 
test-tube in place, and also to protect it with 
an air-jacket, it is fitted with a cork ring into 
another wider test-tube B. The whole is 
placed in a glass jar C filled with the cooling 
mixture, the temperature of which should 
be carefully kept constant during the experi- 
ment, and at about 4° below the freezing- 
point of the solvent. 

A measurement is conducted in the' 
following way : First, the test-tube contain- 
ing the requisite, quantity of the pure solvent 
is dipped into the cooling mixture, and at 
the same time is constantly stirred till the 
whole is a little undercooled, and there 
occurs a separatioii^ ^of finely - divided ice, 
attended by a sudden rise in the ther- 
mometer to the freezing-point of the solvent. 
In this way, when the test-tube is protected 
by the air-jacket, which prevents its heat 
from being given off too suddenly, we obtain 
an exact measurement of the freezing-point 
of the solvent itself. We then add, through 
the side tube, a weighed amount of the 
substance to be investigated, and, after melt- 
ing the solvent by careful warming, redeter- 
mine the freezing-point of the solution in 
exactly the same way as before. The resulting 
depression of the freezing-point is obtained 
by subtraction. 

Fig. 24 . Although we are now in possession of 

all the data requisite for the calculation of 
the molecular weight, yet it is recommended that a series of observa- 
tions be made by adding successive portions of the substance, in order 
to determine whether the molecular weight is independent of the 
concentration, or whether the degree of dissociation varies with the 
concentration. 
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In -investigating solutions of greater concentration, the amount ot 
ice separated must be as little as possible, in order to avoid the errors 
consequent upon too great a change of concentration from the freezing 
out of too large a portion of the solvent. This can be accomplished 
easily with a little practice. The side tube serves to introduce the 
solid substances. To introduce liquid substances one may use as 
a wash bottle the Sprengel-Ostwald pyknometer. More recently 
Beckmann has described a simple apparatus which enables one to 
use solvents which are strongly hygroscopic.^ 

As the measurement of the freezing-point can be accomplished 
with a little practice, within some thousandths of a degree, it is 
recommended to use a thermometer divided to read directly to 
hundredths of a degree. In order to use such a thermometer over 
wide ranges of temperature ( - 6° to + 60°), Beckmann devised a 
thermometer where the capillary above passed into a bent mercury 
reservoir (see Fig. 24). According as the thermometer is to be used 
with solvents having a higher or lower freezii)g-point, more or less of 
the mercury is passed from the capillary into the lower part of the 
reservoir by warming and carefully tapping the thermometer. The 
value of the scale of the thermometer practically remains unchanged, 
since we are merely concerned in measuring differences of temperature. 

A method, given by the author, for measuring the freezing-point 
of solutions, especially at high concentrations, has been worked out 
by M. Roloff.2 The principle of the method is to determine the 
composition of the solution that is in equilibrium with the frozen 
solvent at a given temperature. This may also be looked upon as a 
measurement of the solubility of the solvent in the given solution. 
In working out the method the first difficulty met with was to 
maintain constant low temperatures. Cryohydrates formed by 
mechanical mixture of snow and salts are not finely enough divided 
to give really constant temperatures. If, however, the cryohydrates 
be formed by freezing saturated salt solutions, they keep their 
cryohydric temperatures exactly till the freezing is complete. By 
the use of appropriate salts all temperatures from 0° to — 30° can be 
obtained. 

The principle of the method is to measure the composition of a 
solution corresponding to a certain freezing-point, instead of determin- 
ing the freezing-point of a given solution.^ 


Freezing-Point of very Dilate Solutions. — It is important to 
make sufficiently exact measurements on very dilute solutions, both 
on account of the theoretical importance of such solutions and 


^ Zeitschr. phys. Ohem, 7. 323 (1891) ; 22. 616 (1897). 

® Ibid. 18. 672 (1896). The method described later by T. W. Richards [Journ. 
Amer. Cfiem. Soc. 26. 291, 1903) is entirely identical. * 

« See H. Jahn, Zeitschr. phys. Oh^i. 60. 129 (1904) ; 61. 31 (1907) ; F. PlUgel, 
ibid. 79. 677(1912). 
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practically to obtain the molecular weight of slightly soluble substances. 
Early observers obtained somewhat erroneous values for the aqueous 
solutions with which, in the first place, they concerned themselves ; 
but recently results of value seem to haVe been arrived at. 

It has been found that the influence of the cooling-bath and of 
the heat generated by stirring produce errors of some thousandths of 
a degree or more ; this is of no consequence in careful measurements 
of molecular weight of substances at moderate concentrations, but 
must — and can — be avoided in dealing with very dilute solutions. 

The following is a brief account of the theory of the establishment of 
equilibrium on freezing ^ : — Given a large mass of freezing liquid ; let the 
true freezing-point be Tq, i.e, the temperature at which the separated solid 
and residual liquid are in equilibrium ; let the temperature at time x be t. 
Then t will approach T^, by the melting or freezing of some of the solvent, 
and the accompanying absorption or evolution of heat, according as t is 
above or below T^j. The outside temperatures exert no influence, since we 
have assumed a large mass of liquid. 

According to experience on the solution of solids (Look III. Chapter V.), 
the rate of solution of the solid solvent may be taken as proportional, other 
circumstances being equal, to its difference in temperature from the point of 
equilibrium ; but as the heat absorbed is proportional to the mass dissolved, 
the rate of cliange of temperature at any moment may be put proportional 
to the diftereiice between and t. Thus 

dt=-K(T(,-t)dz . . . . (1) 

We need not trouble as to the meaning of K except that it is 2 )ropoi*tional 
to the total area of the solid solvent and its heat of fusion. On integrating 
we get 

= ... ( 2 ) 

where t^ are the temperatures at times z„ z^. 

Actually the mass of liquid is limited, so that tliere will be an inter- 
change of heat with the surroundings by radiation, etc., as well as a ])roduc- 
tion of heat by stirring. If we call t„ the temperature tliat the solution 
would tend towards if no freezing took place (the “ convergence temperature ”), 
the course of the temperature, if there were no separation of solid, would be 
given by Newton’s law as 

dt - k(t^, - t)dz . . . . (3X 

with the integral 

= • • • • (4) 

^ ^0 

Again the physical meaning of k is unimportant ; we need only remark 
that k is smaller the greater the ratio of thermal capacity of the solution 
to surface exposed. 

^ Nenist and Abegg, Zeitscfir. phys. Cliem. 16 . 681 (1894). 
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The actual coiu*se of the thermometer in a finite mass of solution is 
found by adding (1) and (3) : 

dt = [K(T^-t) + k(to-t)]dz ... (6) 

which gives, on integration, 

+ . . ( 6 ) 
^ + A2 il KT„ + kt„-(K + k)t2 

The final tempemture t', which may conveniently be called the apparent 
freezing-point, is given by 
dt 


^^ = K(T,-t') + k(t,-t') = 0, 




(7) 


Ihe thermo'nuter settles therefore^ not at hut at the somewhat different 
temperature t' ; the latter is the closer to the former, the nearer the convergence 
temperature t(, is to the freezing-point T^j, and also the larger K by compari- 
son with k. The true and apparent freezing-points me only identical wlien 

to = t', 

or K = GO . 


Hence, to obtain correct values, either the temperature of the freezing 
mixture must be carefully regulated, so that the convergence temi)erature 
I)iactically coincides with the point to which the thei’momcter settles, or else 

the correction — (t' - ty) must be obtained by 8i)ecial experiments (see the 


work of Abegg and Raoult already quoted on p. 141). It should be observed 
that for electrolytes, as foh water, K is usually so large that the correction is 
negligible (though K of course varies according to the way ice separates). 
It is otherwise with non -electrolytes, such as sugar ; for these Raoult,^ Jones,^ 
and others found erroneous values, which were only corrected by means of 
experiments conducted in accoidance with the above theory of Abegg and 
the present writer. Only recently have Raoult ^ and Loomis ^ taken up the 
same standpoint as ourselves. Hausi*ath * has succeeded, by refinements in 
temi)erature measurement, in measuring the freezing-point of solutions to 
O'OOOOl”. Beckmann {Zeitschr. phys. Chem, 44. 161 (1903)) has shown 
how the accuracy of the experiments can be increased by lessening the above 
corrections {e.g. by electrical stirring). 


The Lowering of the Vapour Pressure. — The law which was 
developed theoretically by van’t HoflT, and experimentally by Raoult, 
states that the lowering of the vapour pressure experienced by a 
sol veil t on adding a non-volatile substance, is equal to the number of 
molecules of the dissolved substance divided by the number of mole- 
cules of the solvent; this leads at once te the determination of the 

1 ZHUchr.phys, Ghm%. 0 . 343 (1892). * Ibid. 82 . 684 (1900). 

a Ibid. 11 , 629 ; 12 , 623 (1893). ^ Wied. Ann. 0 . 622 (1902). 
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molecular weight. Let p be the vapour pressure of the pure solvent 
at a selected temperature, and p' that of a solution containing m grams 
of a foreign substance dissolved in 100 g. of the solvent; then, 
according to the preceding law, we shall have 

p Ml 00* 


where M denotes the molecular weight of the dissolved substance, and 
Mq that of the solvent, as ascertained from a determination of the 
vapour density. Then we shall have, in terms of those quantities 
only which are directly accessible, 




«100(p-pi)- 


But considerable experimental difficulties are found to interfere 
with the practical application of this formula. For many reasons the 
exact measurement of the vapour pressure of a solution is not a simple 
problem, and as the difference between two approximately equal vapour 
pressures comes into the preceding formula, it is necessary that the 
measurements should be very exact before the formula can be applied 
with success. Moreover, the selection of a method^ for measuring 
simply and directly the difference between the vapour pressure of a 
solvent and of the solution has not hitherto been attended with good 
results. It is only recently that Beckmann ^ accomplished this in an 
indirect way ; instead of determining the lowering of the vapour 
pressure, he followed Raoult^s example and determiiied the corresponding 
elevation of the boiling-point. 

It follows directly from the equations, developed on p. 137, that 

m = e“ 

t 

where m has the same meaning as above, and t denotes the observed 
elevation of the boiling-point. E, the “molecular elevation of the 
boiling-point,’* can be calculated from the heat of vaporisation 1 of 1 g. 
of the solvent, and from T, its boiling-point on the absolute scale ; 
thus 

„ 0‘02T2 


1 Raoult, Ann. chim. phys. [6], 20 , (1890); Will and Bredig., Ber. 22 . 1084 
(1888) ; Beckmann, Zeitschr. phys. Chem. 4 . 532 (1889). [An accurate method for 
determining the vapour pressures of solutions has been introduced by Berkeley ami 
Hartley, Proc. Roy. Soc. 77 . 156 (1906) ; PhU. Trans. 209 . 177. The results 
obtained by this method for the osmotic pressures of solutions agree closely with those 
found by direct measurement. — T r.] 

2 Zeitsehr. phys, Ohem.. 4 . 632 (1889) ; 0. 437 (J890) ; also Raoult, G.R. 87 . 
167 (1878). 
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Jhe, following table shows E, calculation nnd experiment giving 
results in agreement for the solvents thus far investigated : — 



B 

T-278 ' 

i 


B 

T-273 

Benzene . . , 

26-7 

80 1 

Ethyl alcohol . 

11-6 

78 

Chloroform 

36-6 

61 1 

Ethyl acetate . 

26-1 

76 

Ethylene bromide . 

63-2 

132 ; 

Ethyl ether . 

21*2 

36 

Carbon diflulphide . 

237 

1 46 

Acetone . 

167 

66 

Acetic acid 

! 25*3 

118 1 

Aniline . 

32-2 

182 

Phenol . 

30*4 

, 132 

Water . 

5-2 

100 

i Nitrobenzene . 

1 

50 

205 





The measurement of the elevation of the boiling-point can be con- 
ducted very accurately by means of the apparatus shown in Fig. 26.^ 
The three-neck flask A serves to heat the liquid ; the bottom is pierced 
with a short thick piece of platinum wire, set in with cement glass 
(Einschmelzglas), and is also half -filled with glass beads. A thermo- 
meter, provided with a mercury reservoir as in the freezing apparatus, 
and thus made serviceable for temperatures from 30° to 120°, is fitted 
in one opening. An inverted condenser is fastened into the middle 
opening (6) ; this condenser has an opening at d, which serves to give 
free passage for the steam. On account of its ready condensation, the 
apparatus of Soxhlet is used, and this is protected from the moisture of 
the air by a chloride of calcium tube. A third opening, C, serves to 
introduce the substance to be dissolved. 

In conducting the operation, the flask is first partly filled with 
a dofinite quantity of the solvent, which is either weighed or measured 
with a pipette. It is then heated by a gas lamp, which can be suitably 
regulated, and is protected against too sudden heating by an asbestos 
jacket The flame is so regulated that a drop shall i'all from the 
condenser B every ten or twenty seconds. The upper part of the 
apparatus is protected against the heat by two pieces of asbestos 
paper, one of which is cut out with a circular opening for a support. 
The heat is largely transmitted through the platinum wire which is 
fused into the bottom of the flask, and which touches the lower 
asbestos paper. As a result of this, bubbles of vapour form at its 
upper end, when the liquid boils ; and on account of the glass beads 
present, the bubbles must pass up through the liquid in serpentine 
courses, thus having sufl&cient time to bring themselves into tempera- 
ture equilibrium corresponding to the external pressure, and to the 
concentration. After the temperature has been kept constant within 
a few thousandths of a degree, the substance to be dissolved is 
introduced in a weighed quantity, through the opening 0, solid sub- 
stances being in the shape of little sticks or lozenges, and liquids 

^ Beckmann, Zeitachr. phya. Cfiem. 4. 548 (1889) ; see also the short monograpli 
by Fuchs, and further Beckmann, ibid. 40, 129 (1902) ; 44* 161 (1908). 
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being introduced by means of the pipette shown in Fig. 26. As yras 
done in the case of the freezing-point method, so here also it 
is recommended to make several determinations with increasing 
concentration. 



Fig. 25. 


Beckmann^ has since described a modified form of his boiling- 
point apparatus, by the use of which it is possible to employ 
liquids of a higher boiling-point, while it is also so shaped that very 

^ Zeitschr. phys. Chem. 8. 223 (1891) ; see also •Beckmann, Fuchs, and Gernhardt, 
ibid. 18 . 473 (1896). 
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little of the solvent and of the dissolved substance will give very 
exact results. The flask A, containing the liquid, is shaped (Fig. 27) 
like the flask in the freezing-point apparatus figured on p. 280. It 
is a side-necked test-tube, 2*5 cm. wide, is provided with a thick 
platinum wire sealed into the 
bottom, and is filled to a depth 
of 3-4 cm. with glass beads. The 
thermometer is fitted in by means 
of a cork. The boiling -flask is 
surrounded by a steam-jacket of 
glass, B, containing about 20 c.c. 
of the solvent, and shown in a 
special figure. Between the boil- 
ing-flask and the vapour-jacket is 
a roll of asbestos paper, and both 
are provided with return con- 
densers, and which can be 
replaced in the case of volatile 
solvents by small Liebig conden- 
sers. Bunsen burners serve for 
heating, and, as shown in the 
figure, these are placed at the side 
of the vapour-jacket. Where the 
flames strike there are pieces of 
wire gauze, and also crescent- 
shaped plates of asbestos paper, 
which are arched above by a little 
asbestos saucer d ; also the rings 
h and protect the boiling-flask 
from the direct flame ; ss are little 
chimneys of asbestos paper for the 
flame gases. If necessary, the 
boiling-flask itself is also heated 
directly by a small flame which 
docs not touch it, but, as a rule, the heat introduced from the outer 
vapour-jacket is sufficient to bring the inner liquid to complete boiling. 
The right condition of boiling will be shown, as in the other form of 
apparatus, by the constant reading of the thermometer. 

Finally a boiling-point apparatus of new construction ^ is shown 
in Fig. 28 ; in this apparatus the solution is heated by the vapour of 
the solvent. 

The apparatus therefore depends on the phenomenon that the vapour 
of the solvent partially condenses in the solution because of the lower 

^ Beckmann, Zeitschr. phys. Chem. 40 . 129 (1902) ; a few improvements in the 
method {e.g. electrical heating of the liquid) are given in Zeltschr. phys. Ghem. 63 . 
177 (1908). 
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vapour pressure of the latter, and the heat of condensation brings 
the solution exactly to its boiling-point. The boiling tube, as in the 
earlier apparatus, consists of the glass tube A, with a side tube for 

introducing the sub- 
stance ; to a second 
side tube tg the re- 
verse condenser is 
attached. The boil- 
ing mantle G- is fused 
on to the boiling 
tube. The vapour 
given off passes 
through the tube D 
(which is 7 mm. 
wide, and somewhat 
jagged at the lower 
end), down to nearly 
the bottom of the 
boiling tube, in which 
it is partially con- 
densed. The non- 
condensed part passes 
into the reverse con- 
denser K, and is 
completely liquefied in the cooler N. The resulting liquid can be 
led back into the boiling tube or boiling mantle as required. In 
the drawing (Fig. 28) a direct flow back into the boiling tube 
takes place ; but by turning the condenser round, the liquid can be 
made to flow through a hole in the glass joint back into E, and thence 
into G. In this manner it is possible to regulate the amount of 
liquid in the boiling tube. The concentration is determined by 
weighing the amount of substance introduced, and measuring the 
volume of the solution, for which purpose the boiling tube is graduated 
in millimetres. The boiling mantle can be filled with liquid through 
the side tube H ; R is a safety tube, which makes it impossible for 
the liquid to suck back from the boiling tube into G. M can be 
fitted into a calcium chloride tube. The heating is conducted as 
in the other apparatus. 

The accuracy of measurement is certainly greatest with the 
apparatus first described ; but as the determination of molecular 
weights in practice only needs moderate accuracy, it is better to use 
the last apparatus, on account of its greater convenience. 

The Investigation of Volatile Substances. — The use of the 

forms of apparatus just described implies that the substance dis- 
solved is nob lost by volatilisation. Experience shows that this 
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condition is met when its boiling-point lies about 130® above that of 
the solvent. 

If the dissolved substance begins to volatilise in a noticeable way, 
then, according to the statements on p. 150, it has the same molecular 
weight in the state of a vapour and in the solution, if the partial 
pressure of its vapour is proportional to its concentration in the 
solution ; or, in other words, if the vapour of the dissolved substance 
follows Henryks law of absorption. If the dissolved substance has a 
molecular weight different from that in the gaseous condition, then 
there occur striking deviations from a simple ratio. We will consider 
these laws further in the Third Book, Chapter III. 

There is no difficulty,^ on the basis of these considerations, in 
extending the theory of the boiling-point apparatus to the case where 
the dissolved substance has its own vapour pressure. I will here 
merely indicate briefly that the boiling apparatus, in this case also, 
is able to afford information regarding the molecular condition of the 
dissolved substance. Provided the dissolved substance is sufficiently 
volatile, then if Henry’s law is true, changes of the boiling-point, 
which in this case (see also p. 106) may consist in an elevation or 
a lowering, according to circumstances, will be proportional to the 
concentration. If this is so, the substance has the same molecular 
condition in the state of vapour as in solution. If the latter condition 
is not fulfilled, there is not even approximate proportionality between 
the changes of boiling-point and concentration. 

Of course it is immaterial for the freezing-point method whether 
the dissolved substance is volatile or not. 

The Lowering of Solubility. — A third method, recently added 
to the two so-called Kaoult-van’t Hoff methods, by the author, 
has both a theoretical and an experimental basis (see pp. 138 and 
147). According to this, the relative lowering of solvMlity experienced ly 
a solvent^ as ether ^ in another solvent, as water, on the addition of a third 
substance [which is soluble only in the first solvent], is equal to the number of 
dissolved molecules of this third substance divided by the number of molecules 
of the [first] solvent Thus, let L denote the solubility of the [first] 
pure solvent in the second solvent, and L' its solubility when m 
grams of the substance are dissolved in 100 g. of the first solvent; 
then the molecular weight of the dissolved substance can be calculated 
as accurately as from the lowering of the vapour pressure (p. 284), 
and with only such magnitudes as can be determined directlv. 
follows : — 

^“^n00(L-L7 

Here denotes the molecular weight which the first solvent has 
when dissolved in the second. 

^ Nemst, 2!eit8chr. phys. Ghem. 8. 16 (1891) ; Beckmann, Und* 17. 110 (1896). 
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There are several chemical and physical methods which can be 
used to determine the solubility, and it is not necessary to determine 
the absolute values, but only the ratio of the solubility before and 
after adding the substance. When using ether and water, one can 
advantageously employ Beckmann's freezing apparatus, with 20 c.c, 
of ether and 5 c.c. of water, to determine the change of solubility.^ 
Then the freezing-point of water is at that temperature which corre- 
sponds to the depressed freezing-point ( - 3*85°), occasioned by its 
saturation with ether. Now, according to the above theorem, if a third 
substance is added to the ether the solubility of the latter in the water 
will diminish m proportion to its molecular content of the third 
substance, and thus the freezing-point of the water will rise. This 
elevation of the freezing-point can be exactly determined, and, as 
numerous experiments have shown, the method is capable of exactly 
the same degree of accuracy as the Raoult-van^t Hoff method. As 
the non-volatility of the substance in question was presupposed in the 
boiling-point method, so here we must assume that the [third] sub- 
stance is insoluble in water. 

The above method has been worked out further by F. W. Kuster,^ who 
used phenol as one solvent and saturated common salt solution as the 
other, measuring the solubility of the phenol by titration ; also by 
Tolloczko,® who used ether and a relatively large quantity of water, and 
measured the change in volume of the latter due to solution of foreign 
bodies directly. The latter method leaves nothing to be desired in 
simplicity, especially for strong solutions. 

The Distribution of a Substance between Two Solvents.— 

A very simple and exact method for comparing the molecular condi- 
tion of a substance in two solvents, which are only partially soluble 
in each other, is to detei'mine Die dependence of the relative distribution 
upon the concentration. If the dissolved substance has the same mole- 
cular condition in the two solvents the distribution is independent of 
the concentration (p. 151). H the molecular condition is not the 
same, then the coefficient of distribution will vary with the concentra- 
tion in a very pronounced way. This subject will be considered again 
in the Third Book. 

The R61e of the Solvent. — All the methods thus far described 
for the determination of the molecular weights- of substances in 
solution are based on the same principle ; this consists in the measure- 
ment of the osmotic pressure and its evaluation, in the sense of 
Avogadro’s rule as generalised by van’t Hoff. Therefore all these 
methods, though apparently very diverse, have led to the same 

^ Zeitschr. phya. Chem. 6. 673 (1890). 

® Ber, JDeuUch, Chem, Qes. 27 . 824 and 328 (1894). 

* ZeUechr, phys. Chem, 20 . 389 (1896). 
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results when applied to the same substances in the same solvents. 
But numerous instances are known where a dissolved substance has a 
different molecular condition in different solvents. Thus acetic acid 
when dissolved in benzene, at a sufficient degree of concentration, 
consists almost entirely of molecules having the formula (CH3C02H)2 
= 120; when dissolved in ether, of CH3CO2H=60; and when dis- 
solved in water, as will be seen later, it is split electrolytically into 
+ 

the ions, CHgOOO and H. In the gaseous state, according to the 
external conditions, we find acetic acid to consist more or less entirely 
of the ** normal ” molecules, CH3CO2H. 

This result does not, of course, speak against the correctness of the 
methods, neither is it at all surprising. The molecular condition of a 
vaporised or of a dissolved substance varies not only with the external 
conditions of temperature and pressure, as shown in numerous instances, 
but also, in the case of dissolved substances, with the nature of the 
solvent employed. 

The question now arises whether the difference between the mole- 
cular condition of a substance in the gaseous state, and of the same 
substance in solution, is to be ascribed to a chemical action by the 
solvent. This question is of surpassing interest, but it is impossible 
to answer it at present. For it must be emphasised that any com- 
pound of the molecules of the solvent with the molecules of the dis- 
solved substance, at slight degrees of concentration, would have no 
effect in changing the osmotic pressure of the latter, and therefore would 
not appear in the figures of the lowering of the freezing-point and 
the like. 

Whether the “ dissociating force ” of water is connected with its 
capacity for combining with dissolved substances to form hydrates 
is uncertain at present, but quite probable.^ One fact that is often 
overlooked is that measurements of osmotic pressure do not lead to 
any conclusions as to the combination of molecules of the solvent with 
those of the dissolved substance. (See Book III. Chapter II.) 

We must be forewarned also against another very common error 
concerning the osmotic method ; it has been supposed that it afforded 
some information regarding the molecular condition of the solvent itself 
in the liquid state. Thus Kaoult and Rccoura,^ instead of obtaining 
the formula (as on p. 284) 


M = 60 


mp' 

ioW-F) 


for the lowering of the vapour pressure of acetic acid, where 60 denotes 
the [normal] molecular weight, actually obtained 


1 Briihl, Zeitschr. phys. Chem. 18- 514 (1895) ; 27. 319 (1898). 
^ C.R. 110, 402 ; Zeitschr. phys. Chem. 5, 423 (1890). 
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M = 1’61 . 60 


mp' 

10 % - 7 )' 


from which they concluded the molecular weight of liquid acetic acid 
to be 

Mo=l*61 . 60 = 97. 

This conclusion is not well grounded ; the results of this investi- 
gator can be more simply explained, by supposing that the density of 
the saturated vapour of acetic acid at the temperature of the experi- 
ment (118°) was 1*61 times as great as the theoretical value, 2*08; 
and therefore that its calculated molecular weight (97) should be 
introduced into the formula. At the same time, these experiments 
show that the osmotic pressure of dissolved substances is normal, i.e. 
that it obeys the gas laws, even when the vapour of the solvent itself 
is abnormal. 


The relation that exists between the dissociating power of a solvent and 
its dielectric constant is discussed in Chapter VIII. of this Book. 


Determination of the Molecular Weight of Complicated 
Substances by Diffusion. — If a substance of high molecular weight 
diffuses through a solution, the driving force is known (p. 153). The 
resistance to the motion of the dissolved substance through the 
solution can be calculated by assuming that the dissolved molecule is 
spherical, and in this condition is subject to the ordinary laws of 
friction. The result is ^ 


D 


M 2 

GttN rjp 


where N is the number of molecules in a mol, tj the viscosity of the 
solvent, p the radius of the molecule, and D the coefficient of diffusion. 

If V is the specific volume of the dissolved substance in the solid 
state, we have the approximate relation 

Mv = N.4/3V 

where M is the molecular weight. 

By combining these two equations we get : 

M = 1 

1527r2N2*^D; ‘V 

which allows the calculation of the molecular weight simply from 
measurable physical properties. 

This equation was developed by E. 0. Herzog in an interesting 
paper 2 by putting N = 7*05 x lO^^ (found by Perrin by experiments 

^ Zeitsclu /. Mektrochem. 14, 237 (1908). 

2 Ibid. 16. 1003 (1910). 
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on suspended spherical particles ; see the [last Chapter of this Book), 
he obtained the results shown in the following table, the last column 
of which contains the molecular weights calculated from the above 
equation. 



1 

V. 

M. theor. 

M. calc. 

Arabinose .... 

0*640 

0*618 

160 

120 

Cane sugar .... 

0*382 

0*630 

342 

332 

Milk sugar .... 

0-377 

0*656 

342 

331 

Maltose .... 

0-373 

0*667 

342 

336 

Raffinose (water free) . 

0*316 

0*666 

604 

563 

Egg albumen 

0*069 

0-777 

? 

73,000 


This method is, of course, only to be recommended in practice 
when the molecular weight is so high that osmotic methods are too 
inexact; it is then that the above formula is most exact. The 
diffusion theory of electrolytes (see Chapter VIII. of this Book) allows 
us under certain conditions to calculate the frictional resistance, and 
so to deduce the molecular weight of the dissolved substance from its 
electrical conductivity, (ionic mobility), instead of from its rate of 
diffusion^ 

Molecular Weight of Strongly Compressed Gases and of 
Liquids* — Avogadro’s rule does not hold good for strongly compressed 
gases, but, as we have seen in the previous chapter, van der Waals^ 
formula may be applied. 

It is assumed, in the derivation of this formula, that the molecular 
condition does not alter on compression ; conversely we may conclude 
that if a substance does not obey the equation, the assumption is not 
justified. 

In a similar way, half empirical and half theoretical, corresponding 
conclusions may be drawn from the rules deduced in the preceding 
chapter for substances which behave normally. 

We have seen (p. 232) that the critical densities are 3 ’7 to 3*8 
times the theoretical. For ethyl alcohol this ratio is 4 02, which 
indicates polymerisation — in agreement with the other methods to be 
described in this and the following paragraph. 

A further criterion^ is deviation from the rule of Cailletet and 
Mathias (p. 229), which alcohol shows in a marked way. The course 
of the vapour -pressure curve seems to be especially influenced by 
polymerisation; we have already (p. 235) seen examples of this in 
alcohol and water. Corresponding, finally, to the fact that polymer- 
isation of molecules in the liquid state is accompanied by an evolution 
of heat, which is shown by a high heat of evaporation, we shall find, 

^ See especially Guye {Archives des sciences phys. ei nat de Geneve^ 31* 88 (1894). 
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in Chapter V. of this Book, that the determination of this magnitude 
gives us a very reliable test for the existence of polymerisation. 
Although we are thus easily able (see also the two following para- 
graphs) to decide whether association in the liquid state takes place or 
not, we are nevertheless unhappily still in want of a reliable method 
to determine accurately the degree of association. 


Molecular Weight and Heat of Evaporation.— For the mole- 
cular heat of evaporation we have the relation (p. 60) 


A = RT2 


d In p 


( 1 ) 


or, transformed, 


A _ _ d In p 
f "^dlnf 


( 2 ) 


According to the theory of van der Waals (see especially p. 225), 
the differential quotient on the right-hand side should be of the same 
value for all substance at corresponding states. Now Guldberg^ 
pointed out that the boiling-point on the absolute scale is nearly 
always about | the critical absolute temperature even for widely 
different substances. This is shown in the following table : — 


Substance. 

.Abs, Critical 
Temp. (Ti). 

Abs. Boiling- 
point (T2). 

T 2 

fr 

Oxygen 

155 

90 

0-58 

Nitrous oxide 

309 

184 

0-60 

Chlorine 

414 

240 

0-.58 

Sulphur dioxide . 

429 

263 

0-61 

Ethyl ether 

467 

308 

0*66 

Ethyl alcohol 

516 

351 

0-68 

Phenol 

691 

454 

0*66 


It follows that the quotient of mdecular heat of evaporation and 
absolute boiling-point must be approximately the same for all substances. 
This law has, in fact, been put forward, and until quite recently has 
been assumed at least approximately correct (Trouton’s Rule) ; the 
value of the quotient is about 20-22. 

A more rigid examination of the law, with substances of widely 
different boiling-points, shows, however, that the ratio is by no means 
constant, but increases regularly with the temperature.^ 

In the thermodynamic calculation of heats of evaporation it must 
be borne in mind that saturated vapour at the boiling-point, especially 
that of substances of high molecular weight, does not obey the gas 
^ Zeitschr. johys. Ghem. 6. 374(1890). 

Nernst, Qott. Nachr. Heft 1, 1906 ; cf. also Bingham, Journ. Amer. Ghem, Soc. 
28. (1906). 
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laws (see also p. 60); from the formulae developed on page 236 
it follows easily that 


A _ T? 1 _ In 3 


where p^, pg, are the vapour pressures corresponding to the two 
absolute temperatures T^, ; the latter must be near enough together 

for their arithmetic and geometric means to be practically the same. 
Formula (3) is well supported by direct measurements ; as a rule the 
values calculated from the formula will be more accurate than those 


determined calorimetrically. 

The following table contains the boiling-points of a few sub- 
stances, and their heats of evaporation at the boiling-points, 

calculated for formula (3) ; for hydrogen alone is given the apparently 
very accurate value determined calorimetrically by Dewar ^ : — 


Substance. 

To. 

A. 

A 

To' 

9*5 log To -0*007 To- 

Helium 

4*29 

about 22 

5-1 

6*0 

Hydrogen . 

20*4 

248 

12*2 

12*3 

Nitrogen 

77*5 

1362 

17-6 

17*4 

Argon . 

86-0 

1460 

17 0 

17*8 

Oxygen 

90-6 

1664 

18-3 

18*0 

Methane 

108 

1951 

18*0 

18*6 

Ethyl ether 

307 

6466 

21 T 

21*6 

Carbon bisulphide 

319 

1 6490 

20*4 

21*6 

Benzene 

353 

7497 

21*2 

21*7 

Propyl acetate 

375 

8310 

22*2 

21*8 

Aniline 

457 

10,500 

23-0 

22*1 

Methyl salicylate 

497 

11,000 

22*2 

22 T 


It is at once seen that ^ rises considerably and regularly with the 


absolute temperature ; the expression given in the last column (which 
I have derived from certain considerations which will not be gone into 
here) — 

A = 9-5logTo-0-007To ... (4) 

-*■0 

agrees well with observation, and may suitably be called the revised 
rule of Trouton” 

Substances which are considerably polymerised in the liquid state, 
but possess normal densities in the gaseous state, show higher values 
than those corresponding to the above formula — 



To. 

A. 

A 

To' 

9*5 log To- 0*007 Tq. 

Alcohol 

351 

9448 

26*9 

21*7 

Water 

373 

9660 

26*9 

21*8 


1 Proc. Roy. Soe. 76. 326 (1905). 




296 


THEORETICAL QHEMISTRY 


BK. II 


This is, therefore, a further criterion for association in the liquid con- 
dition. As both Xq and must be increased by association, it must 
be concluded that the first value is more strongly influenced than the 
second. 

The behaviour of acetic acid is peculiar : 

To. A, 9-6 log To -0-007 To. 

Acetic acid . . 391 5400 13*8 21-9 


But acetic acid has a molecular weight of 97 in the gaseous state at 
the boiling-point (p. 292) instead of the normal value CHg’COOH = 60 ; 

if we refer A correspondingly to 97 g. acetic acid, becomes 

8730 . . 

= 22*1, and therefore practically coincides with the calculated 

391 

value 2 T9. It can therefore be concluded with some degree of 
certainty, that acetic acid in the liquid state also has a mean molecular 
weight of 97, which corresponds to a high degree of association. 


Molecular Weight and Surface Tension.— A very important 
method of determining molecular weight of liquids is due to Eotvos,^ 
who found the following rule confirmed by a series of experiments ; 
if y is the surface tension of a liquid expressed in dynes, v its 
molecular volume (that is, the volume occupied by one mol in the 
liquid state), then 

y.« = k(To-T) . . . . (1) 

where Tq is a temperature not very different from the critical, and k 
is a constant independent of the nature of the liquid. This relation 
was later tested experimentally by Ramsay and Shields ^ in a very 
thorough manner, and found in good agreement with the observations. 
Conclusion (1) was put in the form 

= k(T — d) .... (2) 

where t is reckoned downwards from the critical temperature, and d 
is usually about 6 ; equation (2), however, only holds accurately 
when T is greater than 35° ; not, therefore, in the immediate 
neighbourhood of the critical point. 

Imagine that we have a mol of the liquid in question in spherical 

form, its radius is Vv, its surface is proportional to v^y and accord- 
ingly yv^ is a quantity proportional to the molecular surface energy of 
the sphere. Equations (1) and (2) therefore state that the temperature 
coefficient of the molecular surface energy (except in the immediate 
neighbourhood of the critical point) is independent of the special nature 
of the liguid. 

Putting the molecular surface energy at yv^, then the temperature 

1 Wied. Ann. 27 . 452 (1886). 

2 Trans. Chem. Soc. 03. 1089 (1893). 



OH. IV 


THE DETEKMINATION OF THE MOLECULAR WEIGHT 297 


ct>efiicient k is 2*27 according to E6tvos, and 2*12 according to 
Eamsay and Shields. 

E6tv6s*s law may be expressed in this manner ; the work required 
to form the surface of a spherical mol of a liquid varies with the 
temperature in the same manner for all liquids. This is the case 
with the production of a mol of gas under constant pressure according 
to Avogadro^s law ; in the latter case, according to the laws of gases, 
the work required is simply proportional to the absolute temperature. 

The following liquids behave normally — that is, give a temperature 
coefficient of the molecular surface energy in the neighbourhood of 
2-12 



k. 

Nitrous oxide . 

2-27 

Benzene .... 

2’17 

Chloro-benzene . 

2*08 

Tetrachloride of carbon 

2-11 

Ethyl ether 

2*17 

Bi-sulphide of carbon 

2-02 

Benzaldehyde . 

2*16 

Nitrobenzene . 

2*09 

Aniline .... 

2*05 

Pyridine .... 
Phosphorus trichloride 

2*23 

2-10 


and a large number of esters.^ 

Anomalous values of k (lower and varying with the temperature) 
are given by the alcohols (1*0 - 1*6), organic acids (’8 ~ TB), acetone 
(1*8), propionitril (1*5), nitro-ethane (1*7), methyl -urethane (1*6), 
valeroxime (1*7), water (0*9 - 1*2). To obtain the normal value of 
the temperature coefficient for these liquids their molecular weight 
must be raised — that is, association of molecules must be assumed. 
But it does not appear possible in the present state of our knowledge 
to conclude satisfactorily the degree of association from the divergence 
from the normal value. 

The rule of Eotvos can be derived theoretically in the following 
way. The work required to bring a molecule from the interior of a 
liquid to the surface layer, is the same as that required to bring it 
from the surface layer into the vapour space.^ The first magnitude 
is proportional to the molecular surface energy, the second to the 
molecular heat of evaporation; it follows therefore that these two 
magnitudes must be proportional, the ratio depending on the units 
chosen. Now we have seen above that, according to the theory of 
corresponding states, the quotient of molecular heat of evaporation 
and temperature must be the same at the same reduced temperature 
for all liquids ; this must therefore also be true for the quotient of 

^ Ramsay and Aston, Zeitsch/r, phys, Ghem, 16« 98 (1894) ; Guye and Baud, 
ibid, 42 . 379 (1903). Grummach, Drudes Ann, 16 , 401 (1904) ; Bolle and Guye, 
Jowrn, chim,ph/ys, 3. 38 (1906). 

2 Stefan. Wied, Ann, 29 . 666 (1886) ; see also A. Brandt, Drudes Ann, 10 . 
783 (1903). 
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molecular surface energy and temperature. If we write the (empirical) 
equation (1) in the form 



it follows that k must be independent of the nature of the liquid — 
this is the rule of Eotvos.^ 

Hence a considerable deviation of the value of k from the normal 
value, simply means that the substance in question does not obey 
the law of corresponding states; association can only be indirectly 
assumed. It is also obvious, as has already been emphasised above, 
that we cannot at present calculate the degree of association from the 
deviation of k from the normal value. It appears, however, that the 
value of k is only slightly affected by the inaccuracy of the theorem 
of corresponding states, but considerably by polymerisation, and this 
is why the rule of Eotvos is such a useful means of deciding the 
molecular condition of a liquid. Of course care must be taken in 
applying the rule at very low or very high temperatures (just as 
with Trouton’s rule p. 294). 

The above conception has been in the meantime confirmed by P. Walden ^ 
who showed that substances of high boiling-point could have enormous 
values of k. For example for Tristearine k = 5*35 - 6*21, for Tripalinitinc 
k = 4‘92 - 6*57. Exceptions to the rule are therefore similar to exceptions 
to Trouton’s rule. And we are therefore left with the problem of determin- 
ing the dependence of k on the temperature, in order to apply the rule of 
Eotvos with greater certainty. 

With regard to the above to theoretical deduction of this rule it must be 
stated that it is not in general permissible to calculate from the theory of 
potential the work necessary to remove a molecule from the inside of a 
liquid to the surface and from there to the gaseous space, i.e. to assume that 
we have only to do with the separation of point masses held together by 
certain forces. On the contrary it is certain that this change of position 
of the molecule is accompanied by changes in its internal energy, rotational 
energy, and probably even in its energy of progression, and at })resent we do 
not know how great these changes are, nor how we can calculate them. 
The problem in fact is similar to those to which the quantum theory has 
been applied. (See the previous chapter.) 

The numerous theoretical considerations of a similar kind on thermal 
expansion, compressibility, vapour pressure, etc., which are found so often 
in modern literature, are subject to the same objection. 

The above analogy between molecular surface energy and heat of 
evaporation would, of course, demand the same relations for the 
difference between molecular heats of liquid and vapour (Me - Cp p. 
58) as for k. Nothing is yet known on this point. 

^ See further the theoretical considerations of van der Waals, Zeitschr, phys Chem 
13. 713 (1894). 

^ Zeitschr, f, phys. Qhem, 76. 556 (1911). 
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A third method that can be used to study the molecular condition 
of a liquid is given in Chapter V^of this Book, in the section on rules 
of boiling-point. Linebarger ^ has given an interesting study of the 
vapour pressure of mixtures, and uses the partial pressure of the 
components to decide the question whether association exists. Finally, 
it may be remarked that all the methods here quoted agree remarkably 
in showing that the majority of liquids studied are not polymerised, 
but that certain classes of bodies, such as acids, alcohols, and, in 
particular, water, form complexes (mostly double molecules) in the 
liquid state, and that the last-mentioned substances show a tendency 
to do the same in the gaseous and dissolved conditions. 

V 

Molecular Weight of Solids. — The molecular weight of a solid 
has obviously quite a different significance to the molecular weight of 
a gas or liquid. If we understand by molecules aggregates of atoms 
which move about in space as a whole, we should have to consider 
every crystal a molecule, for the particles of a crystal are held together 
so firmly that one particle cannot move without the remainder moving 
with it. The molecule of a crystal can, however, be regarded as one 
point of the space lattice constituting the crystal, — a definition which 
is amply sufficient for the consideration of molecular weights. 

The results of the previous chapter show that wo can assume 
with fair probability that many elements, especially the metals, are 
monatomic in the solid state ; the specific heat curves of such elements 
can be calculated from a single value of v. But this conclusion is not 
always reliable ; for example all analogies lead us to ascribe to diamond 
a most complicated molecule, and we need only assume that all the 
atoms of the molecule are subject to the same forces, in order to 
explain the fact that the specific heat curve of diamond can also be 
calculated from one value of v. A comparison of the polymorphism 
of associated and non-associated substances has led Tamman ^ to con- 
clude that the molecular weight of the molecules constituting the space 
lattices of the latter class of substances is identical with that of the 
gaseous molecule. As, further, the molecules of a crystal are probably 
only of one kind, a consideration of the diagram of state may make 
it possible to decide with comparative certainty the question what 
kinds of crystals, which separate from associated liquids, consist of 
normal, or of associated molecules. In many cases this procedure 
would lead to a preliminary solution of the problem of the molecular 
weight of crystals. But these considerations only hold good for mole- 
cules built up of one kind of atom. We must assume a monatomic 
frame even for crystals of KCl and similar substances, since the 
experiments mentioned in the previous chapter make it very probable 
that crystalline potassium chloride is built up of alternate potassium 

1 A 9 ?ier. Chem, Joum, 17. 615 , 690 ( 1896 ). 

2 Ber, Deutsche Qhem, Qe$, 44 . 3618 ( 1911 ). 
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and chlorine ions. This is supported by the fact that this substance 
crystallises in the regular form. 

The hope that the application of Avogadro’s law to mixed crystals 
containing only a small proportion of one component, would lead to 
a determination of the molecular weight of this component, has not 
been fulfilled (see pp. 164-166). It can scarcely be doubted, although 
it has not actually been proved, that the specific heat of a mixed 
crystal also becomes zero at low temperatures, which alone would 
show the inapplicability of the gas laws. 

The results obtained in the last -mentioned way are not free from 
objection ; see Nernst,^ Kuster,^ Hoitsema,^ Wtirfel,^ Bodliinder.® 


^ Zeitschr. phys, Ghm, 9 , 137 (1892). 

2 Ihid. 13 . 445 (1894) ; 17 . 357 (1896). 

^ Ihid. 17, 1 (1895). ^ Dissertation^ Marburg (1896). ■ 

® Neues Jakrbuchf, Mineralogies Beil. 12 (1898). 


CHAPTER V 

THE CONSTITUTION OF THE MOLECULE 

Allotropy and Isomerism. — The properties of all substances vary 
with the external circumstances under which they are studied. Those 
external conditions which exert the greatest influence upon the 
physical and chemical conduct of substances are the temperature and 
the pressure ; also, according to circumstances, the properties are 
modified in one way or another by magnetisation^ electrification, illumina- 
tion, etc. In describing the behaviour of a chemically simple substance, 
it must alwajT’s be stated what the external conditions are under 
which it is studied. 

Further, under all circumstances the properties of any two 
substances having a different chemical composition, are different : if 
only one atom in the molecule be replaced by another, even then 
there is a difference in both the physical and the chemical behaviour 
of the compound ; but this change is a variable quantity. Those 
atoms which can replace each other in the molecular group without 
occasioning a deep-seated change in the whole behaviour of the com- 
pound, are said to be related chemically. A number of such related 
groups of elements have been already pointed out in the vertical 
columns of the periodic system (p. 177). Although the change in 
the properties of a compound, when one atom is replaced by one of 
another element of similar behaviour, may be very slight, yet it is 
definite in all cases; two substances which behave alike in all their 
properties must have the same composition. 

But the converse of this, namely, that two substances which 
conduct themselves differently under the same external conditions 
have a different composition, is by no means true. It is neither true 
of elements nor of compounds, as has been already seen in the 
capacity of substances to assume different states of aggregation under 
the same external conditions. It is also known that many elements 
exist in the solid state, in different modifications, called “allotropic 
forms.” Phosphorus is an element known to us in two modifications, 
called the yellow and the red ; and these varieties are so different 
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302 


THEORETICAL CHEMISTRY 


BK. II 


under the same external conditions, both in their physical and in 
their chemical behaviour, that one might easily believe that they 
were two essentially different substances. Carbon occurs in nature 
in the forms of the diamond, of graphite, and of so-called amorphous 
carbon. Sulphur appears in crystalline forms of the orthorhombic and 
the monoclinic system, according to the method of formation, etc., etc. 

We do not certainly know the reason for the difference between 
the allotropic forms of solid elements, but in the light of the atomic 
hypothesis it is very probable that the atoms unite either with a 
different number in. the molecule, or with a different mode of union. 
To be sure, certain proof for this supposition is wanting at present, 
since hitherto it has been impossible to obtain a glimpse into the 
molecular constitution of solids. 

More often we find the case where a chemical compound can occur 
in different modifications, not only in the solid state, but in all the 
states of aggregation. Such compounds are called mmeric} The 
molecular hypothesis has done much good work in explaining these 
cases of isomerism, by showing how to obtain new examples of 
isomerism ; and, on the other hand, it has repeatedly been found in 
the history of theoretical chemistry, that the attempt to explain new 
isomeric phenomena has led to a bold extension of the molecular hypo- 
thesis, which, in turn, opened up new paths for experimental research. 

These are some of the points in the history of the knowledge of isomerism^ 
which is, at the same time, the history of constitutional theories : in 1823 
Liebig remarked that the silver fuhiiinate analysed by him had the same 
constitution as the silver cyanate discovered by Wohler in 1822 ; in 1825 
Faraday found that benzene, discovered by him, agreed in composition with 
acetylene ; and in 1828 Wohler succeeded in directly converting one isomer 
into another, namely, ammonium cyanate into urea. The number of cases 
of isomerism grew very rapidly ; in 1832 Berzelius discovered the isomerism 
of racemic and tartaric acids, and very many instances were discovered in 
organic chemistry, especially after the theoretical explanation had been 
given. The most striking advance towards the development of stereo- 
chemistry of carbon was the investigation of Wislicenus on isomerism in 
lactic acids (1871), and that of fmnaric and maleic acids in 1887, whilst 
the first experimental material discovered for stereo-chemistry of nitrogen 
was in the isomerism of benzil-dioxime discovered in 1882 by Goldschmidt, 
and in 1888 by V. Meyer and Auwers. In 1891, Le Bel discovered the 
first example of optically active pentad nitrogen, followed by Pope and 
Peachey in 1899. In 1911, A. Werner prepared an optically active 
compound with chromium as the central atom. 

The Constitution of the Molecule. — The question now arises, 
whether or not the differences in the properties of isomeric compounds 
are based upon a difference in the size of the molecule j Le, whether 
the atoms unite to form the different molecules in the same relative 
^ Oxygen and ozone form an example of isomerism amongst the elements. 
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proportions, but not in the same number. Experience shows that 
this circumstance often explains some material differences, but by no 
means can it explain all cases of isomerism. For, on the one hand, 
there are isomeric substances having the same percentage composition 
and different molecular weights, as acetylene CgHg, and benzene CgHg 
(isomerism in the broader sense of polymerism) ; and, on the other hand, 
there are isomeric substances with physical and chemical properties 
clearly distinct, and these are found especially in the carbon com- 
pounds, which have both the same percentage composition and the 
same molecular weight (isomerism in the special sense of metamerism). 

The existence of metameric compounds at once gives us a chance 
to frame more definite conceptions regarding the mode of union of the 
atoms in the molecule ; it at once excludes the supposition that the 
atoms can unite in a chemical molecule in all conceivable positions 
with reference to each other, like the molecules in a homogeneous 
liquid mixture. For otherwise, just as by bringing together definite 
quantities of different substances — e,g, water and alcohol, — there can 
result only one physical mixture of definite properties, so also by 
the union of a certain number of atoms of different elements into 
a molecule there could, in that case, result only one chemical com- 
pound, having the same properties j and thus the formation of 
metameric compounds would be impossible. 

Therefore it must be assumed that certain forces are exerted 
between the atoms in the molecule, which determine the relative posi- 
tions of the atoms ] also that the relative positions of the atoms can 
vary with the mode of union of the atoms with each other. 

Tlie diffe/i’ences sJoown in the 'physical and chemical behavio'ur of metameric 
compounds must thus he asaibed to differences in the arrangement of the 
atoms in the molecule, or, as is said, to differences in the constitution of the 
molecule. 

The Ohemical Forces. — At present scarcely anything definite is 
known about the nature of the forces which bind the atoms together 
in the molecule and which hinder them from flying apart in con- 
sequence of the heat motion, or their laws of action ; but there are 
many reasons which lead us to suppose that those forces, like the 
forces in the explanation of capillarity and related phenomena, act 
only in the immediate neighbourhood of the atoms, and diminish 
in strength very rapidly as the distance from the atoms increases. 

Further, in order to explain the various capacities for reaction of 
the elements, and the various degrees of stability with which the 
atoms are linked together, we must assume that the mutual action of 
the atoms varies greatly with their nature ; and in order to explairi 
the fact that atoms of the same sort unite to form molecules, we must 
swsume that chemical forces are active between the atoms of the same 
element, and vary very much with their nature. 
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The answer to the question, how these forces vary with the react- 
ing elements, is rendered exceedingly difficult from the fact that in 
the great majority of cases we have to explain, not a single exchange, 
but the sum total of several exchanges. Thus in the formation of 
hydrochloric acid, 

H2 + CI2-2HCI, 

we find that the reaction is determined not only by the affinity 
between hydrogen and chlorine, but that before a single atom of the 
reacting elements can enter into the exchange, the bonds holding the 
two atoms in the molecules and Clg respectively, must be loosened. 
When the reaction takes place from left to right in the sense of the 
preceding equation, as happens at temperatures not too high, then it 
works against the affinities holding two hydrogen atoms and two 
chlorine atoms together, and tends to come to rest with the affinity 
between hydrogen and chlorine predominant. But when the reaction 
takes place from right to left, as happens at high temperatures, then 
it works against the affinity between different kinds of atoms, and 
tends to come to rest with the affinity between atoms of the same 
sort predominant. And the case is similar in almost all reactions 
which are carefully studied, so that it is very rarely that the course 
of the reaction can enable us to draw any certain conclusion on the 
intensity of the chemical forces. The affinity certainly changes with 
the external conditions of temperature and pressure in all cases, 
although it may be very different in degree; but we usually are 
entirely ignorant as to the cause. Thus, in the preceding case, we 
cannot state how the affinity changes between the like and the unlike, 
with the temperature ; we can merely conclude from the course of the 
reaction, that at lower temperatures the affinity between unlike atoms 
prevails, and at higher temperatures that between like atoms. 

In order to obtain a deeper insight into the manner of the action 
of the forces of affinity, it is, of course, necessary at first to direct our 
attention to those reactions where the simplest conditions find expres- 
sion. This is found in those cases where a complex molecule breaks 
up into simpler ones (dissociation), or conversely where several simpler 
molecules condense into a more complicated one (addition). In such 
a case the chemical change occurs either against, or with, only one 
affinity. The simplest case is where two elementary atoms unite 
to form a single molecule, or conversely where a diatomic molecule 
of an element breaks up into its atoms ; as is the case, for example, 
in the dissociation of iodine vapour ; thus 

The study of the conditions under which these reactions come to a 
pause will throw some light on the affinity between the elementary 
atoms in question. 
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The Doctrine of Valence. — ^Without framing any definite con- 
ception of the nature of chemical affinity, it is possible to consider the 
mode of union of the atoms in the molecule, according to a certain 
scheme, which not only gives us much general information on the 
classification of chemical compounds, but which also serves to make 
their capacities for reaction intelligible in many respects, and also 
renders it easy to remember them. 

Much observation has taught us that often certain elements and 
radicals may replace each other without occasioning a deep-seated 
change in the properties, and especially in the reaction capacity of the 
molecule. Thus in many instances it is possible to replace a hydrogen 
atom in a molecule, by an atom of F, 01, Br, I, Li, Na, K, etc., or by 
certain radicals as NHg, NH^, OH 3 , CgHg, CgH^, always to be sure 
with some associated change in the physical and chemical behaviour 
of the compound, but never entirely destroying the clearly expressed 
similarity between the new and the original compound. The experi- 
ence based on an enormous amount of observation is embraced in the 
statement that such elements or radicals are chemically equivalent. 

Some othep similarly chemically equivalent elements are 0, Mg, 
Zn, Oa, Sr, Ba, etc . ; these, as a rule, easily replace each other, and 
in such a way as not to change radically the whole habit of the 
compound. A number of such groups of elements are given in the 
vertical columns of the table on p. 179. 

A further observation has been made, that elements which are not 
of the same equivalent group can replace each other, but not in such a 
way that an atom of one sort can replace an atom of another sort in 
the molecule ; but the replacement takes place so that in the place 
of a certain number of atoms of one group, there are substituted a 
different number of atoms of another group. Thus two atoms of H, 
Li, Na, F, Cl, etc., can usually replace one atom of O, Mg, etc. 

In this way it is possible to compare the chemical value or valence 
of the elements belonging to the different groups, and to make a 
quantitative determination of this. Since no element is known where 
more than one of its atoms are required to take the place of an atom 
of hydrogen, the valence of this latter element is assumed as standard ; 
and, accordingly, . hydrogen and the related elements are said to be. 
univalent ; then oxygen and the related elements are bivalent, phosphorus 
is trivalent, carbon, silicon, etc., are quadrivalent, and the like. 

It is usually assumed, in order to explain these relations, that the 
chemical force of the elementary atoms does not act equally in all 
directions in space — like the attraction of a gravitating mass-point, 
or the mutual attraction of the molecules of a liquid — but rather 
that the affinity is entirely^ or at least chiefly, active in certain directions ; 
according to this view, the number of these directions or rays corresponds 
to the chemical value {valence) of the atoms. Thus the Chemical foi'ce 
of hydrogen acts in one direction, that of oxygen in two, that of 

X 
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carbon in four, etc. The union of the atoms in the molecule is to be 
conceived of thus : the outgoing line of force of one atom coincides 
with one from another atom ; or in other words, the valences of the 
different atoms mutually and oppositely satisfy each other. 

By such conceptions as these it is possible to obtain a general 
view, if not of all the possible compounds, at any rate of those which 
are formed most readily, and which are characterised by great stability. 

Thus two univalent elements, as hydrogen and chlorine, or two 
bivalent elements, as calcium and oxygen, will unite, in the sense of 
what has preceded, and in harmony with experiment, in very stable 
forms in such compounds as the following : 

^ H— Cl and Ca=0. 

The uniting dashes, as commonly used, represent the force-lines 
which anastomose into each other. Similarly we can explain the 
ready formation of such molecules as 

H 

/H I 

N^H or H— C— H, 

H I 

H 

and also molecules composed of the same kind of atoms, as 

H— H, 0-=0, 

and the like ; for it is to be expected that the same scheme will be 
used to explain the constitution of molecules composed of like, as 
of those of unlike, atoms. Eegarding the saturation capacity of the 
valences, it must be supposed that each valence is satisfied by another 
valence, whether it be from the same kind of element or from a 
different kind, although there do occur very pronounced quantitative 
distinctions in the complete saturation of the linking of the atoms. ' 

The Dualistic and the Unitary View. — It must be admitted 
that, according to previous experiments, tlie power of saturation of 
valences is almost unlimited ; that as all ponderable matter produces 
mutual attraction regardless of what its character may be, so also two 
valences can unite their lines of force under certain circumstances what- 
ever the atoms may be from which they arise. On the other hand, 
the intensity of this action is in the highest degree dependent on the 
nature of the two atoms and also on the number and character of the 
other atom present in the molecule. It is, therefore, remarkable that on 
the whole the atoms and atom complexes comparable to them in 
behaviour (radicals) may be placed in two groups, between which a 
polar distinction is recognisable. Whilst the atoms and radicals 
belonging to either group are more or less indifferent to one another, 
the members of one group show marked affinity towards those of the 
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other group. Hydrogen, the metals, radicals such as NH^, etc., belong 
to one group ; halogens and other nomnetals, further radicals such as 
OH, SO4, etc. belong to the other. 

The existence of a polar contrast in their chemical Action is 
undoubted, and will be explained more clearly in the subject of 
electrolysis, where it will be shown how the representatives of the first 
class (positive) “ wander ” to the cathode, and those of the second 
class (negative) to the anode. It was the discovery of these which led 
Davy, and especially Berzelius ( 1810 ), to the advancement of the 
electrochemical theory ; this regarded the undeniable dualism in 
mutual affinity, as the guiding star of chemical investigation, and 
compared the polar contrast to that between the positive and negative 
electrostatic charges. 

But very soon it appeared that it was impossible to carry out this 
supposition ; for, apart from the faulty consideration of the physical 
side of this question implied in the theory, which shows the premises 
to be inadmissible, there are well-known chemical processes which 
occur in distinct contradiction to an exclusively dualistic conception. 

For on that basis, how can one explain the mutual and very active 
capacity for union shown by two atoms of the same sort, and illus- 
trated in the molecules of many elements, as Hg, Og, Olg, etc. ? Or 
how explain the abnormal behaviour of carbon, which can unite firmly 
with such characteristically positive and negative elements as hydrogen 
and chlorine ? 

Instead of drawing the conclusion that, in chemical action, apart 
from the polar forces (analogous to electric attraction and repulsion), 
there is some other force acting simply (like the Newtonian attraction 
of ponderable matter) which must be taken into account, l^e tendency 
has been for a long time, and also is at present, to develop a one-sided 
unitary theory in opposition to the one-sided dualistic theory of 
Berzelius; this is easily explained by the historical consideration 
that the dualistic view was unsuited to the treatment of the carbon 
compounds, which form the subject of the flourishing department of 
organic chemistry. It seems that at the present time, when the 
phenomena of electrolysis are again exciting great interest, the dualistic 
theory is being justified, and we are gaining a deeper insight into the 
‘‘ positive ’’ or “ negative ” behaviour of many elements or radicals — a 
conception which is indispensable also to the modern chemist. 

The Variability of Chemical Valence. — The great variety of 
chemical transformations are explained by the fact that the properties 
of the chemical forces vary with external conditions of temperature 
and pressure, with the presence of other substances, and finally and 
especially with the nature of the atoms concerned in the exchange. 
It may be regarded as the chief problem of theoretical chemistry, to 
express numerically the dependence of affinity on these factors. How 
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far this problem has been solved will be considered under the subject 
of the “ Doctrine of Affinity ” ; we will here only anticipate what is 
most important from the standpoint of the doctrine of valence. 

Both the number of valences acting from an atom in a molecular 
group, and the intensity with which each one preserves the integrity 
of the union, vary within certain limits. There has hardly ever been 
any doubt regarding the latter [Le, the variation of the intensity of 
the valences ] ; but the attempt to maintain the doctrine of a constant 
valence was very general till recently ; for to explain the cases in 
question, it was urged, on the one hand, that certain valences remained 
unsatisfied, when an atom used less valences than were allotted to it ; 
and, on the other hand, the conception of “ molecular compounds ” was 
advanced to account for the possibility of the existence of those mole- 
cular complexes where the number of effective valences seemed too 
small to explain their constitution. 

We cannot discuss here how far in this method of investigation 
mere words helped on the faulty conceptions of the nature of valence ; 
but, at all events, the fact remains that all chemical compounds cannot 
bo arranged under the structure plans of the accepted chemical rubric, 
and also that nothing else primarily remains but to give careful atten- 
tion to any change in the chemical valences, since this implies no 
especial encroachment on the significance of valence in systematic 
chemistry. 

At all events, in the case of many compounds, where at first 
glance the number of active valences appeared to be too small, it later 
appeared possible to devise a constitution formula which harmonised 
well with the doctrine of valence ; this is shown in the structure-plans 
of the so-called “ unsaturated compounds,” which maintain the four- 
valence theory of carbon. The simple device which here brought about 
the desired result consisted in making the well-known assumptions, 
that several valences may be mutually satisfied between any two carbon 
atoms, and that the carbon atoms also can form rings. This assump- 
tion has been accorded great triumph both in theory and in experiment. 

But such results as these, for Avhich we are indebted to the applica- 
tion of the doctrine of constant valence, must not therefore blind our 
eyes to the fact that there are many things which appear, at least 
temporarily, to be unexplained by this same view. Molecular weight 
determinations have shown that such formulae as 

Clg^Fe— Fe=:Cl2, 

which was put forward to maintain the constancy of the tri valency of 
iron, are not true. A brilliant example of this is shown in a recent 
discovery of Nilson and Petterson,^ who proved that three chlorides 
of indium can undoubtedly exist in the gaseous state, namely 


1 Zeitschr. phys. Chem. 2. 669 (1888). 
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yCJ 

In— Cl, In<; pj, Inf Cl 
\U 


./Cl 


Even among the carbon compounds change of valency is to be found, 
although it is rare. 

As a matter of fact, the considerations of the kinetic theory of 
gases lead to the result that we should hardly expect to find such 
simple conduct as is implied in the doctrine of constant valence. The 
so-called stability of chemical compounds, accordingly, appears to be 
the resultant of two opposing forces, one of which, the chemical force 
proper, tends to hold the atoms in the molecular group, while the 
other, controlling the atoms by heat motion, strives to break the 
molecule apart It is probable that the latter force changes, and 
probably increases with the temperature. Of the former we know 
nothing, and nothing can be stated regarding its variation with the 
temperature. The more the chemical force preponderates, the more 
stable will the compound be. 

Here we meet with relations which are comparable with those 
considered in the kinetic theory of liquids (p. 213). The vapour 
tension of a liquid (which results from the concurrence of the forces 
which control the heat motion of the molecules, and those forces 
which exert an attraction between the molecules) can be regarded 
as a standard of the capacity of the liquid to bo vaporised. So in 
the same way, the capacity of compounds for dissociation, and for 
chemical reaction also, can be regarded as conditioned by the con- 
currence of analogous forces. Thus the well-known dependence of 
the stability of molecular groups upon the external conditions of 
temperature and pressure is at once explained on the basis of these 
considerations. The laws which prevail here will be thoroughly 
considered in detail in the section on the Doctrine of Affinity. 

Thus we can easily account in this way for the numerous instances 
observed of the variation of the chemical valence, by supposing that 
the heat motion of the atom within the molecule may cause some 
particular lines of force, called valences, to vanish. 


Molecular Oompounds.^ — More difficult to explain than the 
occurrence of unsaturated valences, or, in other words, of atoms 
employing less valences in many compounds than the normal number, 
is the formation of those well-characterised chemical compounds where 
more valences appear to be active than can be ascribed to the atoms 
in question in any of their other relations. 

Water, and also many salts, must be classified under the com- 
pounds which are completely saturated, in which no more free valences 

* See A, Wenier, Neiiere A nschauungen avf devi (iebiete der arutrgamsch^m Chemie^ 
2iid edition. 
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are available for use in uniting with other atoms ; yet, in spite of 
this, salts containing water of crystallisation are obviously chemical 
compounds which arc built up in accordance with the rules of multiple 
proportion. The phenomenon of water of crystallisation is analogous 
to the formation of amraines and substituted ammines, and to the 
crystallisation of salts together as double salts in stoichiometric 
proportions. 

Methyl ether is able to unite with a molecule of hydrochloric 
acid, which is in sti’iking contradiction to the well-developed valence 
theory of organic compounds. 

MgClljj can add on six molecules of methyl or ethyl alcohol ; the 
same number of formic or acetic acid molecules add on to one mole- 
cule of Mglhv This capacity for adding on other molecules is 
especially developed in the case of Mgig, which can combine with six 
molecules of acetic, propionic, butyric, isobutyric acids, acetic and 
other esters, as well as of dimethylketone. The existence of (HyO)2 
molecules, which we must assume to be present ])0th in water, vapour, 
and in solutions, also contradicts the law of constant valency, in this 
case the divalency of oxygen. 

Molecular complexes of this sort, occasioned by the union of satur- 
ated compounds, are called molecular compomdsJ^ It is assumed on 
the basis of the doctrine of valency, that the components of this 
aggregate retain to a certain extent their individuality in the new 
complex. 

This leads to the separation of compounds into different classes. 
Compounds of the first class are considered by Werner to be those 
in which the separate components are held together simply by the 
ordinary forces of valency, as, for example, all halides (free of water), 
such as FeCl^, and all saturated hydrocarbons. Compounds of higher 
chvsses are molecular compounds containing apparently saturated com- 
plexes of the first class existing together. The two saturated parts 
of the molecule (from the valency point of view) are held together 
by so-called co-ordinate valencies. Salts of the oxy-acids tfike up an 
intermediate position ; for example the compound NagSO^ simply 
consists of atoms bound together by forces of Valency ; but at the 
same time, as electrolytic dissociation shows, the divalent group SO^ 
is an individual part of the molecule. 

The Compounds of Carbon. — The valence doctrine has been 
hitherto applied almost exclusively, and with great and undoubted 
results, to the carl)on compounds, or the so-called organic compounds ; 
thus it appears possible to construct for every actual compound, whose 
reactions are known to a fairly satisfactory degree, a structural scheme 
which represents the quintessence of its chemical reactions. The 
reason for this success was no doubt originally due to the fact that 
the theory of valency here found, in the abundance of material and 
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the great variety of behaviour, ample opportunity for an experimental 
“ baptism by fire ” ; but the great development of organic structural 
chemistry is really to be explained on the grounds that the behaviour 
of organic compounds is actually much simpler than that of other 
groups so far as we know at present, and also that carbon surpasses 
other elements in its more regular behaviour in the great variety of 
its compounds. 

The quadrivalence of carbon is the basis of organic structural 
chemistry ; after the preparatory work of Frankland, this was distinctly 
emphasised by Couper and Kekul^ contemporaneonsly (1858); its 
fruitfulness was recognised and proved by the latter in particular. 

If one imagines the hydrogen atoms as in the formula 

H 

I 

H~C— H 

I 

H 

to be substituted by other atoms or radicals successively, or two 
hydrogen atoms to be replaced by one divalent atom or radical, and 
so on, it is possible to represent the whole host of carbon compounds 
by structural formulae, which not only conform to the theory of 
valency, but also disclose to those who are familiar with the language 
many particulars as to the reaction capacities and the physical 
properties of the compounds in question. 

The Peculiarities of the Carbon Compounds.— The very fact 
that there is an “ organic chemistry gives rise to the question, What 
are the peculiarities which so characterise the compounds of this 
branch of chemistry, that they receive a special method of treatment, 
a treatment which is distinct from the general domain of chemistry, 
not only on the part of the teacher, but also on the part of the 
investigator 1 

It is doubtless carbon itself which stamps its . character on the 
chemistry of the carbon compounds.” Wo must consider carefully 
to what extent this element occupies a special position. The following 
arguments were brought forward by van T Hoff.^ 

1. The quadrivalence of carbon necessitates an enormous number 
of derivatives of a carbon compound. 

2. The capacity of carbon atoms of uniting with each other 
in very many ways, allows the possibility of the greatest variety of 
combination. 

3. The position of carbon, standing as it does between positive 
and negative elements, invests it with a peculiar capacity for uniting 
with the most different elements, as hydrogen, nitrogen, oxygen, 

* Anskhten iiber die org, Chemie, I. p. 34 ff. ; II. p. 240 fF. (Brunswick, 1881). 
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chlorine, etc. To this is due the property of adapting itself alternately 
to the processes of oxidation and reduction, which have such signifi- 
cance in animal and plant life. If we consider the first horizontal 
row of the periodic system (p. 179), 

Li Be B C N 0 F, 

we find carbon well balanced between the affinity extremes ; for the 
elements to the right are emphaticaUy negative ; and those to the left 
are emphatically positive in character. Moreover, the temperature 
clearly exerts an influence, for at high degrees of heat the affinity of 
carbon for oxygen predominates, and it is emphatically positive itself ; 
possibly a lowering of temperature might act in the inverse way. 

4. According to the style and manner of the saturation of three of 
the carbon valences, the fourth will have a decided positive or negative 
character, or something intermediate ; thus the free valence of the 
following group is usually negative. 



/ 

but that of the methyl group, 

is most nearly comparable to hydrogen in its reaction value, and is 
distinctly positive ; finally, the cyanogen group, 

N=C— , 

may be at times positive or negative In reaction. 

6. Another chai’acteristic property is the inertia of the carbon 
comiX)unds, and the slovmess of reactimi associated therewith, which 
characterises organic chemistry where carbon compounds come into 
play, and which, therefore, is found exhibited in the life activity of 
plants and animals. Thus it is probable that the existence of the 
compound 

CH, 

Zn/ 

CH3 

its analogous hydrogen compound, namely 

H 

Zn<^ 

H 
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being unknown, is to be explained, not hj the greater affinity of the 
methyl groups for zinc as compared with hydrogen, but rather in that 
the former compound decomposes much more slowly than the latter. 
Further, it is well known that many carbon derivatives are more 
stable than the mother substances ; thus methyl sulphonic acid 
CH 3 • SOg ‘ OH is much more stable than sulphurous acid H • SOg • OH; 
also esters of the unstable ortho-carbonic acid are known, etc. 

This same inertia renders it possible to build on to molecules, the 
arrangement of which is very artificial, so to speak, and therefore un- 
natural ; by a more or less energetic blow, there occurs a transforma- 
tion to a more stable form, and a closer union of the atoms. Usually 
there is a great quantity of energy set free in this, and the rearrange- 
ment leads to an explosion, which in turn loads to the dissolution of 
the molecule ; in this wa}^ wo find the explanation for the large number 
of explosive compounds produced in organic chemistry. 

The Methods for the Determination of the Constitution. — 

The great development of organic chemistry and the extraordinary 
experimental results, for which we are indebted to the most deliberate 
application of the conception of the “constitution of the molecule,” 
prove, in a most striking way, how fortunate the application of this 
idea has been. In what follows I have tried to represent, in brief, 
according to van 't Hofi*,^ the principles which guide the organic chemist 
in representing the structure of organic compounds. 

1. That composition of the compound, which is known to be pure, 
must first be ascertained from an analysis, and from a molecular weight 
determination by some one of the methods described in Chapter IV. 
Next, in the attempt to trace the method of union of the atoms in the 
molecule, attention must be given to the valency of the atoms entering 
into the compound in question; thus carbon has a valency of four, 
nitrogen of three or five, oxygen of two, hydrogen and the halogens 
of one, etc. ; this gives a foothold, so that the number of conceivable 
formulse is seen to be very limited, and the more limited according as 
the number of valencies of each element is more constant. 

2. The method of preparation of the unknown compounds from those 
of known constitution, or conversely the transformation of the former 
into the latter, gives a still better grasp of the subject. It may be 
assumed in many cases that the now compounds have a constitution 
which is related to that of the original, and this is the more probable 
when the change and the retransformation occur easily, and when the 
changes of energy associated with the decomposition are very slight. 
The peculiar inertia of the carbon compounds, which gives the chemis- 
try of this element its peculiar character (p. 312), in certain cases 
justifies the assumption that the number of old valencies discharged, or of 
new ones attached, is reduced to a minimum. This method of deter- 

^ Annchten Uber die org, Chem. (Brunswick, ISS^l). 
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mining the constitution is altogether the most reliable, and the one 
most commonly employed. On account of the readiness with which 
the valencies in inorganic compounds are accustomed to change their 
roleSy this method is almost entirely limited to the carbon compounds. 

3. On the basis of a very extended experience, showing that the 
reaction capacity of certain atomic groups, as OH, CO, CgHj, NHg, 
etc., usually remains unchanged, irrespective of the composition of the 
rest of the molecule, it is possible to make certain inferences regarding 
the existence of these groups in the molecule from the reaction capacity 
of the compound. This is the Principle of Analogous Reactions, 

A very elegant principle consists in the investigation of the 
rmihljer of isomenc derivatives. Thus, by ascertaining how many new 
compoimds can result by the same sort of substitution, as of a 
hydrogen atom by a chlorine atom, one may safely infer whether the 
variously substituted atoms exert the same functions in the molecular 
group or not. Thus the existence of only one phenyl-chloride, 

. Cl, led to the recognition of the identical union of the hydrogen 
atoms in benzene. Similarly, the discovery of three hydroxy-benzoic 
acids necessitated the distinction between the ortho, para, and meta 
positions, which is of fundamental significance in representing the 
structure of benzene. (See also the discussion on p. 319 regarding the 
number of methylene chlorides.) 

o. From the degree of readiness with which a decomposition 
product is formed from a compound, a probable conclusion may be 
drawn as to the contiguity of the components of the separated 
products in the molecule of the original compound. Thus, other things 
being equal, the nearer together .that the hydroxyl gi’oup and the 
hydrogen of the detached water molecule are in the original compound, 
so much the more readily can an anhydride be found. It will be seen 
later what important service has been given to stereochemistry by this 
prindph of intramolecular action, 

G. Sometimes certain elements or radicals, in the molecule, exert 
a mutml influence mi their aptitude for reaction, which is usually greater 
the nearer the reacting atoms are to each other. From this aptness 
of reaction of particular atoms or radicals in a compound of unknown 
constitution, one may make some inference as to their respective 
distances from each other, and thus get a starting-point for the represen- 
tation of their structural formulae. Thus various atoms and radicals, 
accoi*ding to their position in the molecule, exert a very remarkable 
influence' on the reaction capacity of the acid hydrogen atoms in 
organic acids. 

7. All isomeric compounds are distinguished more or less by their 
properties, such as the melting-point, the boiling-point, the density, 
the refractive index, etc. ; and the constitution is no less a standard 
factor than the composition in determining the respective physical 
conduct. Thus, when we have found a connection between the con- 



OH. V 


THE CONSTITUTION OF THE MOLECULE 


315 


stitution and the physical properties of a large number of compounds 
which are known to be relatecl in their structure, then conversely from 
the physical properties of an unknown compound, we can safely draw 
some inference regarding its constitution. Usually such relations as 
these, as for instance the connection between the constitution and the 
refractive index, are of a purely empirical nature, and the safety with 
which they may be employed in any given case will depend simply on 
the number of the analogous cases. But others of these relations, 
such as e.g. that between constitution and optical activity, rest on a 
firmer theoretical basis, and we may make use of them with a very 
cotisiderable degree of confidence. The material thus far discovered 
in this direction is collected in the following chapter. 

Benzene Theory. — By means of the methods described, it is 
possible to ascertain with great certiiinty the constitution of a daily 
increasing number of carbon compounds. These constitutional formulaj 
so obtaitied are of great importance even for those who would entirely 
abstain from all molecular-theoretical speculations, for they represent, 
in a very condensed form, the kernel of many and various empirical 
observations, and he who is skilled in reading this symbolism learns 
very much regarding the nature of the compound, from what is 
expressed through the formula. 

Thus if we consider, for instance, the constitutional formula of 
phenol, 

H 

I 

0 

1 

c 

H~C C— H 

I II 

H— C C— H 

\/ 

C 

I 

H 

at first glance it is apparent that one hydrogen atom will react 
differently from all the others, since it can be substituted (piite readily 
by a positive radiail ; also that in substituting any one of the other 
hydrogen atoms by a univalent atom or radical, it is possible to obtain 
any one of three isomers, according to the location of the substitution ; 
also that a dissolution of the ring union would be accompanied by a 
fundamental change in the molecular structure, etc., etc. 

The three isomers that can be formed by replacement of a 
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hydrogen atom directly combined with carbon in phenol and analogous 
compounds are distinguished as ortho- meta- and para-compounds, 
but, strictly speaking, the number of cases of isomerism should be 
greater ; for example, a difference should exist between substitution 
of the two atoms next the hydroxyl group in phenol. The fact that 
this case of isomerism has not been realised has led to many explana- 
tions and to the suggestion of many modified forms of Kekul6’s 
benzene formula.^ Quite recently a modified view of the nature of a 
double link has been developed which is worth inserting here. 

It has often been remarked that the expression “double link” 
and the symbol for it, C = C, corresponds but little to the actual 
behaviour and does not lend itself to calculation of the characteristic 
peculiarities of the double bond, its instability and its tendency to 
addition products. J. Thiele ^ has offered an extension of the concept 
of a double bond which certainly brings in a new hypothetical 
element, but is well suited to bring together a number of observed 
facts. He believes that, in the formation of a compound with a double 
bond, only partial saturation of "the two valencies occMrs. Thiele found 
the strongest support for this belief in the behaviour of the so-called 
conjugate double compounds. When a hydrogen or bromine molecule 
is added to the atomic complex C = CH ~ CH = C, the result is not 
the elimination of one double bond by formation of a group like 
CBr - CHBr - OH = C, but both disappear, and another double bond 
appears in the middle instead ; thus we get CBr - CH = CH - CBr. 

This is difficult to understand according to accepted views. Thiele 
assumes that the affinities are not completely used up in the formation 
of a double bond, but that a residue of affinity or partial valency 
remains in each atom. The two neighbouring partial valencies 
saturate each other mutually, whilst the extreme one remains un- 
saturated and capable of forming addition products. He writes the 
following symbol for it : — 


C=CH^CH=C 


The addend is attached to the carbon atom with the free partial 
valencies, and hence the product BrC - CH = CH -- CBr. Other 
phenomena of addition that have been noticed in the aldehydes, 
quinone, benzyls, and so forth, are explained in a similar manner. 

An especially good application of these views is to be found in 
the benzene problem. Thiele’s modification of the old formula is 
explained by the symbol 


* See especially the critical study by Marckwald, Benzoltheork (Stuttgart, 1897. 
F. Eiike). 

2 hub. Ann, 306 . 87 (1889). 
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H 

HC CH 

II I) 

HC CH 

v^c/ 

H 

or, if all the bonds are regarded as equivalent, by 

H 


II II 

HC CH 

\C/ 

H 

Since benzene, according to this formula, contains six inactive 
bonds, it is to be regarded as a saturated compound in harmony with 
its chemical behaviour. 

The objection made above against Kekul(^’s formula disappears in 
the case of Thiele’s, on account of its complete symmetry. 

Range of Validity of Structural Pormulse.—Experience has 

shown that the constitutional formulae are not adequate to the complete 
description of the compounds represented. For on the one hand it 
appears that compounds foreseen from constitutional formulae cannot 
in all cases be prepared ; thus the two isomers, methyl cyanide and 
methyl isocyanide (the nitril and the isonitril), are known, 

. N=C— CH3, and C^N— CH3, 

or more probably C = N - CH3 (just as in C = 0 and C = NOH), but 
only one hydrocyanic acid is known, although there should be two^ 
corresponding to the formulae 

N:r,C— H, and C^N— H, (or C = N - H) 

In this case the constitutional formulae cover too much ground, 
since fewer compounds are known than were to be expected. Yet 
this proves nothing against the formulae, because it is entirely possible 
that the desired isomer may exist, but that the proper method of 
preparation has not as yet been found, nor the conditions *suitable for 
its existence. Also the assumption is not improbable that both mole- 
cules may exist in the case of hydrocyanic acid, and that these two 
forms are converted into each other so readily, that the one acid may 
be able to react in the sense of both structural formulae. (For further 
details see Book III., chapter on Chemical Kinetics, Tautomerism.) 


3 CH 
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On the other hand, it would be an entirely different case if raore 
isfmers were known than loere I'&iuired by the theaiij^ or than mild he 
accounted for by it. 

The classical case is that of lactic acid. This was shown by the 
investigations of Wislicenus^ to have several distinct forms of really 
different properties, all of which yet had one and the same formula^ 

CH3CH(0H)C02H. 

It was this observation chiefly that led (1877) van' t Hoff^ to bring 
forward the question, What change or extension must be introduced 
into the theory of structural chemistry in order to adapt it to all the 
observed compounds ? The main outlines of the train of thought 
which led van 't Hoff* to the creation of stereochemistry are given 
in the following paragraph. Le Bel developed similar views simul- 
taneously. 

The Stereochemistry of Carbon.— The fundamental assumption 
on which all the following considerations are based is that the fmir 
valencies of carbon are alike in every jiarticnlar. The correctness of this 
is shown by the negative proof that not nearly so many isomers are 
known as would be known if one or several of the valencies of carbon 
were different. Thus, for example, only one methyl chloride is known ; 
but there would be several if the mode of union with the chlorine 
atoms varied with their location. 

The question regarding the number of mono-substitution products 
has been treated very systematically by L. Henry.^ We will briefly 
indicate the course pursued by this investigator, on account of its 
groat importance as the basis of stereochemistry. 

If wo assume that the four valencies of carbon are different, then 
we must write the formula of methane thus, ; here the 

Roman numerals denote that the respective hydrogen atoms are 
united to the carbon each in a different way ; then there would be 
four monosubstitution products, according to the particular hydrogen 
atom substituted. Now, let the univalent radical A replace H„ pro- 
ducing the compound CAIlnlljiiH.v. We will now replace A by the 
radical B, producing the compound CBH„Hi„Hiv ; and again in this 
latter compound introduce A, which, let us say, takes the place of 
11;,, producing CBAH,„H,v ; finally, B is replaced by hydrogen, pro- 
ducing CH,AHhiHiv. Now if the valencies I and II are different, 
then CAHiiHriiH,v and CHAH„iH,v should have different properties \ 
and in th^ same way all the other valencies of carbon were investi- 

1 Li^, Amu 166 . 3 ; 167 . 302 (1871). 

* JH^c ayinks dam Vhistoire d'une tMorie (Rotterdam, 1877). The arrangement of 
atoms in space, 3rd edition (Braunschweig, 1908). See also A. Hahtzsch, Grundriss 
der fitereochemie (Breslau, 1893) ; A. Werner, I^hrhfch der Stereochemie (Braimschweisr 
1906). 

» Bull, Acad, Belg, (3), 12 . No. 12 (1886) ; 16 . 333 (1888). 
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gated. In this way Henry successively prepared all of the four 
nitro-methanes, and ahmys dbkiined the same substance. 

Let us next consider the question as to the directions in which the 
four valencies radiate from the carbon atom. Now it follows from the 
likeness of the four valencies, that they must be symmetrically dis- 
tributed in space, and there are only two conceivable modes of such 
arrangement : the four valencies must either lie in a plane, intersecting 
each other at angles of 90'", or else they must be symmetrically dis- 
tributed in space as the four axes of an equilateral tetrahedron. Here 
again the isomeric forms must decide between these two possibilities. 
Thus, in the former case, by replacing two hydrogen atoms by chlorine, 
we should obtain the two following isomeric methylene chlorides, thus, 

H H 

I I 

Cl— C— Cl, and Cl— C— IT ; 

I I 

H Cl 

these should be distinguished by the circumstance that in one the 
chlorine atoms are opposite each other, while in the other they are 
beside each other. On the other hand, if the four valencies are 
arranged tetrahedrally, two chlorine atoms when introduced into the 
molecule would always lie beside each other, and the conditions 
would allow of only one methylene chloride. Now, as a matter of 
fact, only one methylene chloride is known. 

The case is similar when two hydrogen atoms in methane are 
replaced by two different radicals, or when three hydrogen atoms are 
replaced by two radicals of one kind and one of another. In all 
cases, unless we assinne, as is very improbable, that there arc isomers 
which have not yet been observed, we are fm'ced to regard the tetrahedrm 
arrangement of the valencies in space as correct. 

Optical Isomerism. — Accepting this view then, the only possible 
case of isomerism of the substitution products of methane is found 
when three of the hydrogen atoms are replaced by different radicals, 
or expressed in more general terms, where the fmr carbon valencies are 
replaced by four different radicals [or atoms']. 

By denoting the four different atoms or radicals which s/itisfy a 
carbon atom, by the letters a, b^ r, and d, we obtain such formulse ty|)es 
as those shown in Fig. 29. 

These formulse, in all probability, should correspond to two different 
compounds, because they cannot bo made to coincide by super- 
position ; the difference between them is comparable to that between 
the right and left hand, or between a real object and its reflected 
image. 

A single glance at Fig. 29 shows that such isomers as these two 
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must show no difference in most of their physical and chemical 
properties. The degree of separation between the atoms is the oame 
in both cases ; thus the distance between a and h is the same. The 
sole difference is that if we consider any selected angle as that marked 
by the radical d, then in the left figure the course a, c is directed 
like the movement of the hands of a watch, while the corresponding 
order h, c in the right figure is in the inverse direction. Inasmuch 
as these two types, figured above, have no planes of symmetry, such 
a carbon atom, the valencies of which are satisfied by four different 
[atoms or] radicals, is said to be asymmetrkaL 




In 1874 Le Bel and van ^t Hoff^ independently and contempo- 
raneously suggested that the right- and left-handed optically active 
isomers correspond to these two types. As a matter of fact, the 
physical and chemical properties are exactly the same, and only 
their property of rotating the plane of polarisation equally strongly 
but in opposite directions, shows that the respective substances have 
a difference in their molecular structure. This kind of isomerism is 
accordingly called typikaV^ \ the subject of optical rotation will bo 
further considered in the next chapter. 

This kind of isomerism usually exhibits itself in the solid state 
by occasioning the crystallisation of the two substances in two re- 
spectively opposite enantiomorphic forms (forms turned back upon 
themselves). 

The two isomers shown in Fig. 29 obviously have the same con- 
stitution, since the conditions are alike in every respect ; they differ 
only in the sjmtial arrangement of the particular groups in the mole- 
cule, or they are said to have a different “ configuration,^* 

Optical isomerism can also occur in compounds which have no particular 
asymmetric carbon atom, but whoee space formulre have no plane of 
symmetry, i,e, are not congruent with their mirror images. An example of 
this kind is the optically active inosite C,^Hg(OH)jj. Bonocault {Bull, Soc, 


* See references on p. 318. 
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Chim, [3] 11, 144, 1894) assigns the following space-formnlte to the two 
optical isomers : — 



A second example is the optically active methyl-cyclo-hexylidene acetic 
acid, preparcid synthetically by Marckwald and Meter (/?gr. Deutsch. Chem. 
Ges. 39. 1171, 1906). 


CHa 


Clla CHa 


.COoU 


Clla 




CHa 


C = C 


^COall 


Qeometrical Isomerism. — Another variety of isomerism, which 
is clearly inexplicable by means of the ordinary structure formulsp, is 
met in the case of compounds which have a “double linkage” between 
two carbon atoms. And here again it was due especially to the 
experimental work of Wislicenus^ that there was recognised a dis- 
tinction between isomers of this sort, and again it was to van 't HofF 
that their theoretical explanation was due. 

When two valencies of two different carbon atoms mutually 
satisfy each other, or, in the language of stereochemistry, when two 
corners of one tetrahedron are joined to two corners of another 
tetrahedron, then the four free valencies lie in one plane ; thus, if 
the four free valencies become satisfied by the four radicles Rj, Rg, Rg, 
and R^, so that one carbon atom holds the first two, and the other 
thp last two, then there is produced the compound 


1^8 

>=< 


Ro 


R, 


Now, according to van 't Hoff’s view, two compounds of this sort 
would be looked for, in one of which R^ and Rg, in the other Rj and 
R^, would lie on the same side of the double tetrahedron. 

A similar case of isomerism would also be expected when the two 
free valencies of each of the doubly linked carbon atoms become 
united to a like pair of radicals, as in the compound 

K, E, 


R, 


Rn. 


1 Abh, d. Kgl. ifdchs. Akad. (1887). 


Y 
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This case is illustrated in the following diagram of the isomerism 
between fumaric and maleic acids, as in Fig. 30. 

This isomerism is also very frequently satisfactorily expressed by 
the following constitutional formulae, where the spatial relations are illus- 
trated : — 

Maleic Acid. Fumaric Acid. 

H— C— fJOOH II— C— COOH, 


-COOH 


HOOC— C— H. 


It would not be expected that this variety of isomerism would 
exhibit optical activity, because the four radicals SiUtisfying the four 



Maloic Acid. Fuiimrie Aci«l. 

FIk. 80 . 


valencies of the double tetrahedron all lie in the same plane. Also, 
since the relative degree of separation of the radicals from each other, 
as shown in Fig. 30, is not the same, the two isomers will have 
different reaction capicitios, boiling-points, melting-points, solubilities, 
etc. The question of the relative contiguity of the respective groups, 
in any such case of which Fig. 30 is a typo, can be decided by means 
of the principle of intramolecular reaction (p. 314) j for example by the 
ease of formation of an anhydride when the two carbonyl groups are 
contiguous. 

The theory suggests no new case of isomerism in the formation 
of a triple bond, or so-called “acetylene bond,^’ but as in the case of 
di-methylene (ethylene), so in the poly-methylenes, cases of geometric 
isomerism must occur. Considering the simplest carbon ring, 
CHj 

tri-methylene /\ , it may be seen that in the arrangement of 

the atoms in space, geometrical isomerism must be possible by the 
entry of two substituting groups, according as they take a “cis'' 
position on the same side of the plane of the ring, or a “trans” 
position on both sides of the plane. In the latter cose two isomers 
are possible forming non - congruent images ; we get, therefore, 
altogether three isomers which can be understood by the following 
models : — 
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Actually two different tri-methylene di-carboxylic acids have been 
observed,^ one of which can probably be split into opposed active 
components. 

Cases of geometrical isomerism are also known in derivatives of 
larger rings ; the investigations of v. Baeyer’s ^ on the reduced 
phthalic acids haVe been largely productive of material confirming 
this theory. Whilst no case of isomerism is known in the singly 
substituted derivatives of hexa-methylene, two hexa-hydro-terephthalic 
acids are known, corresponding to the form nine 




The first is analogous to fumaric, the second to maleic acid. 

Difficulties are met with in wrtain casen, such as in the explanation 
of the' “Walden inversion,” and of the proc-ews of substitution on carl)on 
atoms with a double bond. The further development of the theory must 
be omitted here. 

The Stereochemistry of Nitrogen.— There has recently been 
begun, in addition to the stereochemistry of carbon, a stereochemistry 
of nitrogen, which has already led to noteworthy results. Accordinjg 
to experiments thus far made, there are two groups of stereo-isomeric 
nitrogen compounds, which are completely analogous to the two groups 
of stereo-isomeric carbon compounds described al>ove. 

Firstly, Pope and Peachey ^ have prepared a com^mund which con- 
tains, instead of the asymmetric carbon atom, the group NX, where 
X denotes a univalent radical, the four free valencies being saturated 
by four different radicals. The compound produced was ben;cyl-allyl- 
phenyl-methyl-ammonium bromide, which was obtained in an optically 
active form by fractional crystallisation with d-camphor-siilphonic 
acid. It has the formula — 

* Buchner, Btr, Deutsch. (Vvtnu Ues. 23. 702 (1890). 

* rA(h, Ann, 246 . 108 (1888) ; 261 . 268 (1889) ; 268 . 1, 146 (1890). 

* E. Fischer, Li^. Ann. 381 . 123 (1911). 

^ Pojie and Peachey, Journ. Ghent, Soc. 76 . 1127 (1899). 
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CH3 

C^Hg— NBr— 

CaHe 

The activity remained even when the bromine was replaced by the 
acetyl radical. The preceding compound seems to be completely 
analogous to the optical isomers of carbon.^ 

Secondly, certain compounds were prepared before this, and 
were claime«l to bo geometrical isomers by Hantzsch and Werner. ^ 
These compounds can bo regarded as analogous to the corresponding 
ciirbon isomers, by supposing the group Cli to be replaced by 
tiimlent 7\itro(jen, Now, since this latter is very often possible, accoixi- 
ing to experiments, the inference is a direct one that the three nitrogen 
valencies do not lie in a [)lano, but that they occupy relative j)08itions 
which jire similar in direction, at least approximately so, to the three 
free valencies in the group CR. Therefore it follows that when im 
nitrogen mhmies are hound to one carbon atom, there must result a case 
of geomeirM ismerlsin which is completely analogous to that described on 
p, 322 , and which may be expressed by spatial foimuke written as follows : — 

K,— C— R2 Rj— C— Rg 

II and II 

R3— N N— Kg 


Numerous examples of this interesting variety of isomerism have 
been found among the asymmetric oximes, i.e. compounds where the 
hydroxyl group plays the part of the radical lig. 

The question as to which of the isomers corresponds to which of 
the configurations given above, can bo answered by means of the 
principle of intramolecular reaction between groups which are spatially 
contiguous. Thus one of the aldoximos, 

produced by the reaction between aldehydes and hydroxylamine, 
decomposes with difficulty, but the other readily, into the nitrile 
R — C;.:-:N ; therefore it is most probable that in the latter the II and 
the OH, expelled as water, are neai*er neighbours than in the other ; 
and therefore they are given the respective formulae — 

Sjnaldoxime. AntaUloxiine. 

R— C— H R— C— H 


II II 

N— on HO— N. 


* See B. Wedekind, Stcrf(*cJteime de-M/anfwfrtigen SiUhtttifs (Leipzig, 1907). 
* See references on p. SIS, 
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In an analogous way the three isomeric benzil dioximes may be 
expressed by the respective formulae — 

RC-^CR RC — CR RC — CR 

il II II II II II 

HON NOH HON HON NOH HON. 

Optically active compounds of other elements besides carbon and 
nitrogen have recently been prepared. Thus Pope and Peachey ' 
prepared active sulphur and tin compounds.- Example ; 



Pope and Neville,^ an active selenium compound. In some cases the 
two opposite optical isomers were both obtained.^ 

Constitution and Configuration of Inorganic Compounds.^ 

— The compounds hitherto referred to represent one or other of the 
two types of stereo isomerism of tetravalent carbon. In recent years 
a development of stereochemistry has taken place in inorganic 
chemistry, which has led to the consideration of quite 'diff‘orent 
configurations in space to those put forward by van ^t Hoff. Some 
molecular compounds contfiin a centnal atom, joined by true or 
co-ordinate valencies to four groups ; there arises therefore the same 
stereochemical problem as that treated on p. 318. For example, 
salts of platinum can add on two molecules of ammonia with co- 
ordinate valencies to form compounds such as (NHjj) 2 ptCl 2 . This 
corresponds obviously to methylene chloii<lc (p. 319), and the 
question whether the molecule can be represented by a tetrahedron, 
or whether the atoms all lie in one piano, can only be decided by the 
discovery whether such compounds exist in two forms or not. 

Methylene chloride only exists in one form, which is strongly in 
favour of the tetrahedral formula ; but two forms of the platinum 
salt are known, namely, the so-called platosammine chloride, and plato- 
semidiammine chloride. This decides in favour of the plane formula, 
so that the two compounds may be represented as follows : — 

NH3 NH3 

Cl— Pt-Cl Cl— rt NH 3 

NH 3 Cl 

Platosammiuc chloride. Platosentidiaininine chloride. 

1 Joum. Chem, Soc. 77. 1072 (1900). * /Voc. Chem, Soc. 16. 42 (1900). 

» Ibid, 18. 198 (1902). 

* See M. Scholtz, ** Die optisch-aktiven Verhindimgen des Hchwefeli, Selena, ZinuH, 
Silicintns, und Stickstoffs,” Abrtns Vortriige^ XI., Stuttgart, 1907. 

® See Werner’s book, quoted on p. 309. 
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The respective formulae of the two salts are decided by observations 
on the addition of pyridine, and subsequent splitting off of ammonia 
and pyridine. While the isomerism of these compounds resembles to a 
certain extent the isomerism of maleic and furaaric acids (p. 322), the 
platinum atom playing the same part as the residue >C = C<', we 
meet with compounds of the trivalent (hexavalent with coordinate 
valencies) cobaltic compounds, where the possibility of the atoms 
being all in one plane is excluded. The spatial interpretation of the 
formula is actually more complicated than when dealing with carbon 
compounds, since cobalt is hexavalent, and hence there is a greater 
variety of jwssible arrangements. 

Werner considers two possible formulae for the trivalent hexamine 
cobalt radical ; the first is a regular hexagon with the cobalt atom in 
the centre, and the second a regular octahedron with the 6 NU 3 
raolecuhis occupying the corners. The first formula indicates the 
possibility of three disubstitution products (similar to those of 
benzene). The second indicates only two, shown diagrammatically in 
Fig. 31 ; in one case the bond joining the two substituents forms an 


X X 



NII^ X 

(«) V>) 

FIk. 31. 


edge, and in tin? other case an axis, of the octahedron. The two 
forrnuhe are distinguished as the cis- and trans* forms. The numerous 
hydrates, inet^il ammonium salts, and complex salts of the type 

t un. 

Me L all only occur in two forms, which supports the octahedral 

grouping. As in the similar case of geometrical isomerism of the 
carbon compounds, it is most important to decide upon the correct 
formulae for the two kinds of isomers occurring. 

The behaviour of . those compounds in which two of the valencies 
of the central atom are taken up by a divalent radical, considered 
from the standpoint of the principle of intramolecular reactions (see 
p. 314), allows this to be done in certain cases. In this way Werner 
was able to decide on the correct formulae for the carbonatotetrammine 
cobaltic salts, and it was then possible to fix the constitution of the 
diohlorotetrammine cobaltic salts, for example, from their method of 
preparation from the former (p. 313 ( 2 )). It was found that the 
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violet (violeo) salts corresponded to formula (a) Fig. 31, while the 
green (praxo) salts had the axial formula (b). 

But the real proof of the space formula of cobaltic compounds is 
given by the existence not of geometrical isomers, but of optical isomers 
(see p. 320). Of the numerous examples of optical isomerism which 
could be predicted from the octahedral formula, Werner^ chose that 
in which two different monovalent substituents A and B, and. two 
divalent groups (such as ethylene diamine NH^ - CHg - CHg - NH^ = 
“ en ”) are joined to the central cobalt atom. 



Fik. 82 . 


In the special compound Werner chose, A and B were NHg and 

Br. The group Co (en)^^ is the cation of a chemically divalent 

base, which can be separated into two optically active components by 
fractional crystallisation with d-bromcamphor-sul 2 )honic acid (see 
p, 365 under (1 )). Werner ^ also discovered that compounds of the type 
[Co(en) 3 ]X 3 could be separated into two opposite optically active 
forms, a phenomenon analogous to the asymmetry of inosite. Besides 
the chemically trivalent cobalt, the trivalent metals chromium ^ and 
rhodium,^ as well as divalent iron,^ can form the central atoms of 
optically active asymmetric compounds. The analogy between the 
co-ordinate^ hexavalent metallic central atom and the chemically 
tetravalent carbon atom, which has been so fruitful from a stereo- 
chemical standpoint, can be extended in another direction. Just as 
the more complicated molecule of dimethylamine can be formed by the 
coupling of two carbon atoms through an inside group, so the coupling 
through co-ordinative valencies of two co-ordinative hexavalent atoms 
leads to complicated molecules or ions. These relations can be seen 
clearly on comparing the formulae of the corresponding complex carbon 
and cobaltic compounds ® : — 

/CH3 

HN^ 

Methane. 

Diinethylarninc. 

» Ber. Deutsch. Chem, Oeji. 44. 1887 (1911). 

* Ibid. 46. 121 (1912). 

» Ibid. 44. 3132 (1911) ; 46. 86.5 (1912). 

^ Ibid. 46. 1228 (1912). 

» Ifnd. 46. 4381 (1912). 

• Werner, Neuere Anschauungen^ etc., p. 18.5. 
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+ + + 

{NH3)e 


Simple rnetal aiimioriiurn 
corn]H)un(lH. 


+ 4- + + + 

L ' ''Co(NH,)J 


Many such complicated derivatives of cobalt compounds can be 
obtained. 

In inorganic chemistry, as in organic chemistry, the detailed study 
of different kinds of structures and configurations of atoms has led to 
the discovery of many phenomena of isomerism and polymerism. 
The diacidodiethylcne diamino-cobaltic salts ^ are good examples; 
they show both cis and trans, as well as optical isomerism. AVe meet 
here with — 

(1) An ordinary structural isomerism of the monovalent radicals 


[on - [o^N^ ; 

(2) the so-called ionisation metamerism, which consists in an exchange 
of places between the anion in the outer sphere (see p. 411 below) 
and a nitro-group of the octahedron, as in the formulse 


I^Q-^^Co engj X and engjNO^ ; 

(3) co-ordination polymerism between the salt-like compounds 

[Co (NO^),] and [Co enj [Co (NO,)J. 

This phenomenon sometimes goes hand in hand with a co-ordination 
immcnsm, when a possible exchange can tfike place of the molecules 
and radicals composing the cation and anion ; thus the compounds 


[l>l:(Nigj [Ptcy and 


NH,-! 

CiaJ 


are isomeric. There has also been discovered a so-called “hydrate 
isomerism ” analogous to ionisation metamerism, except that instead of 
one anion being exchanged for another, a water molecule takes the 
place of an anion, with a subsequent change in valency. The interest- 
ing isomerism of the two chromic chlorides 


h 


Cil 


‘(oiyj 

discovered by Werner and Oubser,* ** is 


Cl, , 

JH36 


[ 


Pr 1 Cl 

an example of this. 


* Werner, Bck Deulsch, Chtm. Oes. 44. 2246 (1911). 

JUr. Ikitfsch, Chew. Oes. 34. 1579 (1901). 
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method to 8ueh an extent that changes in the specific gravity of 
a&ueous solutions of one-millionth can be distinguished vith certainty^ 
a notable result for the investigation of very dilate solutions. Smooth 
co^n silk was used for the suspension, and as immersed body a glass 
bulb of 133 grammes weight and 129 c.cm. content 

While by this method the density of a liquid can be determined 
without any difficulty, yet the mothers used to determine the specif 
gravities of solid bodies are not quite satisfactory in accuracy, for the 
reason that only small pieces of the substance can be used ; and this 
is true of the methods which depend upon the measurement by means 
of the buoyancy in a liquid of known density, or by weighing it in a 
liquid pyknometer, or by the application of gas laws (volumenometer), 
or by its swimming free in a liquid mixture, the density of which is 
already determined. The “ swimming method usually gives the best 
results when small pieces only can be used. This method has at the 
same time the advantage, which should not be undervalued, that 
from the way the substance floats in the liquid, by observing whether 
a part of it floats at the top, and whether another part sinks to the 
bottom, one can infer very much regarding the purity of the substance, 
and thus one can raise the grade of purity.^ 

A liquid, in which the substance shall swim free, without either 
rising or sinking, can be made by a mixture of methylene iodide, 
CH 2 I 2 , which has a sp. gr. of 3*3, with such lighter hydrocarbons as 
toluene, xylene, etc. The specific gravity of the solid substance is 
then equal to that of the liquid in which it swims free, and that of the 
liquid can be determined by a suitable method. 

The question regarding the dependence of the specific volume upon 
the composition and the constitution of compounds has thus far, as is 
the case with many other properties, l^een successfully studied only far 
carbon compounds. It is well known, as shown by Kopp (1855), that 
it is possible to calculate the volume occupied by 1 mol. of a liquid 
organic substance at its boiling-point from its composition ; this volume 
is equal to the product of the molecular weight and the specific volume, 
and therefore is suitably called the “ moleadar volume ’’ ; it is calculated 
in the following way. 

If a molecule of the substance in question contains m atoms of 
carbon, n^ atoms of “carbonyl oxygen” (t.<?. oxygen with both its 
valencies united to the same carbon atom), n^ atoms of oxygen which 
has its two valencies distributed between two carbon atoms or between 
two atoms of other elements, o atoms of hydrogen, p atoms of chlorine, 
q atoms of bromine, r atoms of iodine, and s atoms of sulphur ; then 
its molecular volume at the boiling-point amounts to 

M.V. ll‘0m + 12 *20^ -i- 7*8nj 5*5o + 

22*8p + 27-8q + 37-5r -h 22*68. 

* Hetgers. ZtUsehr, phy$. Chern. 8. 289 (1889). 
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This formula is by no means strictly exact, as deviations amountii^ 
to several per cent are not uncommon ; but nevertheless it should be 
particularly noticed that by means of a few empirical constants it is 
possible to calculate, at least approximately, the molecular volume; 
and thus by dividing this value by the molecular weight, it is possible 
to obtain the specific gravity of numerous compounds which are made 
up of the aforenamed elements. Thus the measurement of the 
molecular volume of acetone at its boiling-point gave as the result 


77*5 ; and from its formula CO 


CH 

CH 


* it was estimated as follows : — 

3 


3 atoms of carbon . . . • 33*0 

1 atom of carbonyl oxygen . . . 12*2 

6 atoms of hydrogen , . . • 33*0 

Sum . . . 78*2 


The presence, in the molecule, of carbon atoms* with doubled linkage 
increases the molecular volume proportionally.^ Reference should be 
made to the thorough epitome of this material, which has been com- 
piled by Horstmann.*^ He has shown from extended researches that, 
in general, simple additive relations really exist with some very con- 
siderable deviations, and has ascribed these deviations to peculiarities 
in the constitution. 

The specific gravities of liquid chlorine and bromine at the boiling- 
points amount respectively to 1*56 and 2*96;® the atomic volumes 
deduced from these figures are 22*7 and 26*9 respectively^ or nearly the 
same as the figures 22*8 and 27*8, which Kopp calculated from the m'ganic 

compounds ; we may therefore with great probability take = 0*18 as 

the approximate specific gravity of liquid hydrogen.** 

Concerning the question as to how far Kopp was justified in 
selecting the boiling-point as the point for comparison^ we shall obtain 
information from the following. In the light of the theory of 
van der Waals, the molecular volume at the critical point should be 
three-eighths of that calculated from the laws of ideal gases. Ex- 
perience vindicates this law (p. 232) to this extent, viz. that the 
critical volume of many substances amounts to the same fraction, 

namely, 

Further, from the e<juation given on p. 220, 

= 3b, 

it follows that the molecules of all substances at their critical points 

' HorstmauUi Ber, 20. 766 (1887). 

^ Qrahain Otto, Lehrhieh der Cheinie, 3rcl edit (Brauuschweig, 1893). 

^ Dammer's ffandbuch d^r anorg. Chem, I. pp. 474 and 620 (1892). 

* [Dewar found 0*07, Joum, (Mem. Soc, 78. 636 (1898).] 
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occupy the same fraction of tlie critical volume ; this latter therefore 
may he regarded as a measure of the space actually occupied by the molecules. 
But now the volume of liquids in corresponding states is the same 
fraction of the critical volume. Therefore the molecular volumes measured 
in corresponding states^ i.e. at equal reduced pressures and temperatwes^ 
may be regard^ as a measure of the space actually occupied by the molecules ; 
and this suggests that we should take as comparison jbemperature an 
equally reduced temperature, i.e, a tom})erature which is the same 
fraction of the (absolute) critical temperature. It is not necessary 
for the reduced pressures to be the same, for, as already shown on 
p, 223, the volume of a liquid would be subject to only very slight 
change if it were measured at a pressure of one-half, and then at 
two atmospheres ; and no greater variations of pressure are concerned 
here. 

But now the absolute boiling-point of the most various substances 
is about two-thirds of the critical temperature ; i.e. for the most miious 
substances, the boiling -poird at atmosplmic pessure is itself an identical 
red^iced tompeiaiure. The fact that the identity may not l>o strictly 
fulfilled is unimportant, because the volume of a liquid is only slightly 
affected by changes of or 10° j and only such variations as these 
are found. 

We thus obtain the result that not only is the boiling-point a 
suitable temperature for comparison, but also that the molecular 
volumes so determined, for the most different substances, represent 
very nearly the same multiple of the space occupied by the molecules. 
Now, as we must regard Kopp’s molecular volumes as a measure 
of the volumes actually occupied by the molecules, therefore xce mvst 
conclude that the volume of the moleaUe can he calculated additivdy from 
the volumes of the atoms. This result will also bo established later in 
an entirely different way. 

The Density of Solid Bodies. — The volume relations of solid 
compounds have as yet been only slightly investigated. The molecular 
volume is obviously additive in certain cases, as of salts of analogous 
constitution, as shown by the following table : — 


1. 

niff. 

11 . 

DIff. 

1 Diff. l.-ll. 

KCl =87*4 

I 

6’9 

NaCl=27-l 

67 

10-3 

KBr=44*3 j 

9*7 

NaBr=83*8 

1 

97 

ii 10*6 

1 

KI =54 0 1 


Nal =43*5 


j 10*6 


We find constant differences both between the corresponding 
potassium and sodium salts, and also between the corresponding 
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chlorides, bromides, and iodides, and this is a necessary condition for 
the calculation of the molecular volume in summation from the atomic 
volumes, by the choice of suitable constants. Schroder, who has 
done good service by investigating these relations, stated, in 1877, 
in harmony with the preceding, that in the homologous series of the 
silver salts of the fatty acids, the mole- 
cular volume increases quite constantly, 
about 15*3, for every additional CHg group. 

The question as to what is the proper 
temperature for comparison is here of less 
importance on account of the slight change 
of density of solid substances from a change 
in temperature. The relation between the 
atomic weight and the density of the ele- 
ments in the solid state has been already 
treated in the description of the periodic 
system (p. 186). 

The Refractive Power.™ The optical 
coefficient of refraction for homogeneous 
gases, liquids, or solids can be measured 
very accurately by enclosing them in a 
hollow prism with a prismatic cavity, and 
then measuring, by means of a spectro- 
meter, the deviation of a ray of monochro- 
matic light. The method of total reflection, 
which is employed in the refractometers 
devised by Kohlrausch, Abbe, and others, 
can be used much more easily, and this 
method has recently been applied by 
Pulfrich in the construction of a very convenient apparatus for the 
special study of liquids. As we are practically concerned only with 
the determination of the optical behaviour of liquids, in the exigencies 
of the chemical laboratory, and as also the Pulfrich^ refractometer 
combines ease of manipulation with an accuracy which is more than 
sufficient for most purposes, we will give here a description of this 
apparatus. 

The monochromatic light given out by a Bunsen burner, fed with 
salt, for instance, and concentrated by passing through a lens which 
is adjusted to the apparatus (but not shown in the cut. Fig. 34), is 
allowed to fall on the horizontal surface of a prism, which must be 
provided with a refractive angle of 90°. The top of the prism is 
adjusted to receive the glass cylinder, which is to hold the liquid to 
be studied, in the following way : — The lower edge of the glass cylinder 

* Zeitsckn f. Imtnm€nt€nkunde^ 8 . 4 / ( 1888 ) ; 16. 389 ( 1895 ) ; Zeitschr, phys. 
Chem. 18. 294 ( 1895 ). 





Fig. 84. 


OH. VI i'UYSlGAL PEOPERTIES AND ItOLBOtJLAR STRUCTURE 335 


rests a little lower than the round flat upper face which fits into it, 
and thus the cemented edge does not interfere with the passage of the 
light. Then it is necessary to moisten the upper surface of the prism 
with only a few drops of the liquid to be investigated, an advantage 
which is not to be undervalued in chemical work. The prism, with 
its smoothly ground hypothenuse surface, rests on a bevelled block 
of brass, which in turn rests on a wooden support. This rests on a 
heavy tripod base. By means of this it is possible to obtain very 
certain manipulation, so that after removing the prism it be 
returned again to its original position, and a readjustment is not 
required even after long use. The normal positions of the two 
surfaces of ^the prisms are determined by means of an adjusting 
apparatus which is fastened, with the wooden support, to the brass 
block on which the prism rests, parallel with the plane of rotation of 
the divided circle. The observer may convince himself of the correct 
adjustment most easily, by observing the refractive index of pure 
water at the atmospheric temperature, which is known, and deducing 
from it the small correction which must be introduced into all readings. 

The measurement consists simply in adjusting the telescope which 
moves round the divided circle, until the cross wires coincide with 
the sharply defined boundary between the light and the dark portions 
of the field, and thus obtaining the exit angle i of the light ray. 
Then, as follows from the simple application of the law of refraction, 
we have for the desired value of the refractive index of the liquid in 
question — 

n = \/N® - sin* i, 

wliere N denotes the value of the index of refraction of the glass 
prism, for the kind of light used. A table furnished with the instru- 
ment gives, without further calculation, the value of the refractive 
index for the angle i for sodium light. Whenever it is necessary to 
identify an unknown substance, this determination should never be 
neglected, as scarcely any other property of liquids can be determined 
so easily and exactly. The apparatus may also be used for analytical 
purposes, as in the study of solutions. 

Further, Le Blanc ^ has suggested a very simple method for 
measuring very exactly the refractive index of solid bodies which are 
optically isotropic by means of this same instrument. A decigram 
or so of the finely powdered substance is shaken into the glass 
cylinder of the refractometer, and this is then covered with a mixture 
of two liquids, for example, brom-naphthalene and acetone, between 
the refractive indices of which that of the substance in question mus^ 
lie : if that of the latter is very far removed from that of the mixtur^ 
the field of the telescope will remain almost uniformly dark ; th/a 
more of either brom-naphthalene or acetone is added, when a Ijght 
Zeitschr. phys, Chem. 10. 433 (1892). 
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field appears after the addition of one or the other liquid. If the 
desired point is already nearly obtained, so that two parts of the field 
are somewhat different in brightness, then one can easily judge whether 
the liquid of the greater or of the lesser refractive index must be 
added. Thus, if the refractive index of the liquid mixture is greater 
than that of the i)Owder, there appears a light band at the limit 
between the light and the dark parts ; this band is due to the total 
reflection of the incident light by the solid substance ; it is wanting in 
the opposite case. It is possible^ by the further uddition of the required 
liquid^ to so mirly equalise the coefficients of the solid substance and of the 
mixture^ that the limit between the light arid dark half of the field will he 
as sharp as in the case of a single pure liquid. When this sharp limit is 
found, the refractive index of the solid substance can at once be 
obtained from the table furnished with the apparatus. 

This method is also applicable to the measurement of the refractive 
index of the ordinary ray of optically uniaxial bodies ; but not, at 
least not in this form, to the measurement of the extraordinary rays, 
nor to the investigation of substances which are optically poly-axial. 

The Molecular Refrsu^tion of Organic Compounds. — The 

refractive coefficient of a substance changes with its temperature, and 
also especially with its state of aggregation. If, as in the preceding 
case, wo are only concerned with a clear statement of the relations 
between the optical and the chemical behaviour, then the only way in 
which we may hope for results is to find some function of the refractive 
index whichj when freed from other influences^ shall he coruiit toned essentially 
by the chemical nature of the substance. 

The specific refractivity, expressed by the index minus 1, and 
divided by the density, thus 

n - 1 
d 

partially satisfies the preceding requirements, as shown by Gladstone 
and Dale,^ and especially by Landolt.^ In fact, in most cases, the 
specific refractivity is only slightly dependent upon the temperature ; 
moreover, each particular substance in a mixture preserves its own 
specific refractivity nearly unchanged, as already shown on p. 105. 
But the preceding expression does not apply to changes in the state 
of aggregation, and the specific refractivity of a liquid, in general, is 
considerably different from that of its vapour. 

This condition of being independent of changes in the state of 
aggregation is very well satisfied by a formula which was suggested 
at the same time (1880) by Lorenz in Copenhagen and by Lorentz in 
Leyden ; it was developed from the following considerations.^ 

The Clausius -Mossotti theory of dielectrics proceeds upon the 

> Phil. Trans., 1868, p. 8 ; 1883, p 623. * P^jgg. Ann. 123. 696 (1864). 

** Lor«utx, irier/, 0. 641 ; Lorens, ibid, 11. 70 (1880). 
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assumption that the molecules, assumed to be spherical, are electrical 
conductors, and that to this is due the weakening action experienced 
by the mutual attraction or repulsion of two electrically charged points, 
on interposing a dielectria Let u denote a fraction, assumed to be 
very small, of the total volume which is actually occupied by the 
molecules; then, according to this view, the dielectric constant^ is 
calculated to be 

1 “U 

from which it follows that 

K-1 
’^'■k + 2 


Now according to the electromagnetic theory of light, 

K = N2, 

if N denotes the refractive index for light of very long wave-length ; 
by introducing this, and then dividing by d, we obtiun 

u N2-1 1 

d~N2+2‘d ^ 


and this expression must be independent of the temperature, the 
pressure, and of changes in the state of aggregation, because, according 

to the definition, ^ denotes the real specific volume of the molecule, Le» 


the volume actually occupied by the molecules of 1 gram of the 
substance. R denotes the specific refraction. 

Now, as a matter of fact, experiment leads, in a very remarkable 
way, to the result that the specific refraction is a very characteristic 
quantity for the given substance, irrespective of the conditions under 
which it may be studied ; and this holds true, not only when calculated 
from the so-callcd refractive index of light of infinitely long wave- 
length,” but also when calculated from the definite refractive index of 
any selected kind of light in the visible spectrum ; it is best to take 
the red hydrogen line, or the sodium line, so that the influence of 
dispersion is not too great. As already shown on p. 106, the rule of 
mixtures gives better results by calculating with the n^ formula than 
with the n formula ; and all experiment supports the view that the 
former decidedly ought to be preferred in studying the connection 
between the chemical composition and the optical behaviour. 

Both expressions are very satisfactory in the relatively small 
changes of the refractive indices, due to the expansion by heat, as is 
shown by the following table of values for water from the determina- 
tions of Riihlmann, referred to the D line : — 


^ Clausius, Qes. Ahh. (Separate Papers), II. 185 (1867). 
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n-l 

d 

n2-l 1 
na+2 ■ d 

0" 

0-3338 

0-2061 


10" 

0-3338 

0-2061 


20" 

0-3336 

0-2061 


90" 1 

0-3321 

0-2059 


100" ! 

0-3323 

! 0-2001 



A comparison of the expression with the old formula shows 
that it alone is independent of the state of aggregation, as is illustrated 
by the following examjde,^ in which again the refractive index n is 
referred to the sodium line. 


j 

1 

1 

1 

1 

j Vuijout*. 

11-1 

d 

Idquid. i 

Dim 

Vapour. 

Il2-1 1 

n'-i i 2 * d 

Liquid. 

1 Dim 

Water 

i 1 

1 0*3101 

0*3338 

- 0-0237 

0-2068 

0-2061 

+ 0*0007 

Carbon-disulphide . 

0-4347 

0-4977 

-0-0630 

0-2898 

0*2805 

+ 0 0093 ! 

Chloroform 

1 0-2694 

0-3000 

-0 0306 

0-1796 

0-1790 

+ 0-0006 i 









1 


The temperature of the liquids was 10'', of the vapours 100^. 

The product of the specific refraction R and the molecular weight 
M is called the molecular refraction ; thus 


MR = 


n2- 
n‘^ + 


1 

o 


M 

d* 


It is therefore a measure of the true volume of the molecules contained 
in a mol. A regularity of conduct is shown in the case of the mole- 
cular refraction, which is similar to that in the case of molecular 
volume ; but the influence of the constitution on the optical behaviour 
is manifested much more decidedly than in the relations between the 
density and the nature of the substance, llie molecular refraction of a 
CAmpound mn he calculated hj the summation of the atomic refractions ; but 
the atomic refraction is fairly constant, i,e, independent of the other 
elements occurring in the molecule, only in the case of the univalent 
elements ; it varies considerably for oxygen and carbon according to 
the mode of union. 

It is to J. W. Briihr^ that we are chiefly indebted since 1880, 
together with Landolt, for the development of the science of the 
molecular refractions. The following table, compiled by W. A. Roth 

^ Brtihl, Zeitschr. phys. Chem. 7. 4 (1891). 

* Zeitsehr, pfiys> Chem, 7. 140 (ISOi). See also the investigations of KannonikoflF, 
J. pr. Chem. [2], 81 . 339 (1885). 
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and F. Eisenlohr,^ contains the most recent values for the more important 
atomic refractions : — 




D 


Hy 


Hy-Ha 

Carbon .... 

2*413 

2-418 

2*438 

2*466 

0*025 

0*056 

Hydrogen 

1*092 

1-100 

1-115 

1-122 

0*023 

0*029 

Carbonyl oxygon 

2*189 

2*211 

2*247 

2-267 

0-067 

0*078 

Ether oxygen . 

Hydroxyl oxygen . 

1*639 

1*643 

1*649 

1*662 

0*012 

.0*019 

1*522 

-1*625 

1*631 

1*541 

0*006 

0*015 

Chlorine .... 

5*933 

6-967 

6*043 

6*101 

0-107 

0*168 

Bromine .... 

8*803 

8*865 

8*999 

9*152 

0*211 

0*340 

Iodine .... 

13*767 

13*900 

14*224 

14*621 

0*482 

0-776 

Ethylene bond 

1*686 

1*733 

1*824 

1*893 

0*138 

0*200 

Acetylene bond 

Nitrogen in primary ali- 

2*328 1 

1 

, 2*398 

1 

I 2*506 

2*638 

0*139 

0*171 

phatic aminos 

Nitrogen in secondary ali- 

2*309 1 

2*322 

i 2*368 

i 

2*397 

0*059 

0*086 

1 

phatic amines 

Nitrogen in tertiary ali- 

2*475 

2*499 1 

2 -.561 

2*603 

0*086 

0*119 

phatic amines 

2*807 

2*840 i 

I 2*940 

3*000 

0*133 

0*186 

Nitrite nitrogen 

Nitrogen in amides 

3*054 j 

3*070 

3*108 

3*129 

0*055 

0*066 

0 

1 

II 

o 

* 

3*740 

3*776 

3*847 

3*962 

0*139 

0*220 


As this table shows, atomic refractions can refer to a number of 
different wave-lengths. Of these, those referring to the D sodium 
lino are the most useful, since they are easy to measure. The hydrogen 
lines Ha and lly are useful, since they cover a large range of the 
spectrum for measurement of dispersion (H^ - H^). Since, however, 
the line cannot always be seen clearly when light yellow substances 
are being investigated, the line has been often substituted for it 
recently, and consequently ~ taken as a measure of the dispersion. 
Attempts to derive the atomic refractions of other elements than the 
above, from their organic compounds for example, have hitherto met 
with no practical success. 

The use of these figures may be most easily explained by means 
of an example ; we will calculate the molecular refraction of benzene, 
referred to the figures for the red H-line. 

6 carbon atoms =6x2*413 — 14*48 
6 hydrogen atoms =6x1 *092 = 6 *56 
3 double unions =3x1 *686 = .5 *06 


Sum . MR =26*09 

Observation with the same kind of light and at 20" gave 
n = 1*4967, d = 0*8799, M = 78, and therefore 

= 25-93, 

n* + 2 d 


MR: 


which coincides well with the value as calculated above. 

^ Both aud Eisenlohr, Re/ra&tomeirisch^s Hil/sbuchf Leipzig, 1911. 
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The molecular refraction calculated for acetone CO(CHg) 2 » with 
Na-light, gives 3 carbon atoms + 6 hydrogen atoms + 1 carbonyl 
oxygen = 16*06, while observation gives 16*09. 

The dependence of atomic refractions on the way in which the 
atoms are combined, which is illustrated by the above table, can be 
made use of in the determination of the constitution of a compound. 

B. BriihV for example, has used it in investigations of enol and 
keto tautomerism in different solvents. These constitutive influences 
are by'' no means exhausted by the examples given above, which are 
really only approximations. Complications occur when we are dealing 
with elements of higher * valency, and especially with elements of 
variable valency, such as nitrogen. The most important of all 
constitutive influences is that exerted by conjugate double bonds ^ 
(see p. 316). The molecular refraction of diallyl, for example, 
a body with two separated double bonds, with the formula CH 2 = 
Cn - CHg - CHg - CH = CHj, can be accurately calculated from the 
above data ^ 

but the molecular refraction of the isomeric isodi^llyl, CH 3 - CH = 
CH - CH = CH - CH3, is 30*64, and therefore greatly exceeds the 
calculated value. Briihl calls this ** exaltation ” ; it occurs regularly 
with conjugate double bonds. The group C = C can be replaced by a 
number of other unsaturated groups, such as C = C, C = 0, C=N, 
CsN, Even groups such as NHg, in which only the partial valencies 
are unsuturated, can function as components of conjugate double 
bonds ; to this must be attributed the fact that it is very hard to 
deduce normal atomic refractions for nitrogen. Briihl was obliged to 
tabulate 32 different constants for N, according to its method of 
combination ; and it was only by strictly excluding all cases in which 
the phenomena of conjugate double bonds would occur, that Eisenlohr 
was able to reduce this number to the five given in the above table. 
When it comes, however, to determining constitution in somewhat 
com[)licated cases, it is necessary to take all these anomalies carefully 
into consideration. Briihl has taken this carefully into account in 
his complete investigations of the refraction of nitrogen compounds.^ 

In many groups, such as in derivatives of acetylene,® the influence 
of this conjugation is so strong that the additivity of the behaviour 
practically entirely disappears. Examples of other constitutive 
influences which cause an increase in the normal values of refraction 

* ^Cfitschr. physik, Chem. 30. 61 (1899). 

^ BrUhl, Her, De^Usch. Ohem. Ofs. 40 . 878, 1163 (1907). 

® Roth aiul EiHciilohr, loc. cit, p. 94. 

ZHUchr. phymk, Ckem, 79 . 129 (1912). 

® ZeMschr. physik, Ckem, 16. 193, 226, 497, 612 ; 22 . 873 ; 26 . 677 ; 26 . 48 
(1896-1898) ; 79 . 1, 481 (1912). 

* Moureu, Ann. d, chim. ei d, phys, [8], 7 . 036 (1906). 
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are rings of three carbon atoms, and the double bonds of semicyclic 
compounds {i,e, the doubly linked carbon of a hydrated ring). BruhTs 
lav of the abnormal increase caused by conjugate double bonds 
appears at first to be contradicted by benzene, which had a perfectly 
normal refraction, in spite of the fact that its formula contains three 
conjugate double bonds. Briihl makes the assumption that the 
conjugation is not optically apparent in this case, or, in his words, 
that it is not “aktuell” but “neutral.'* He supports this by 
emphasising the peculiar symmetry of the benzene structure. The 
neutralised conjugation of the benzene ring should therefore again 
become apparent when this symmetry is disturbed by the presence of 
an unsaturated group close in to the ring. Actuall}^ styrol 

CH— CH 

^ \ 

HU C— CH - CH., 

\ / 

CH---CH 


is found to show an increase of 1*17 over the value calculated for the 
D-line, by assuming the presence of four normal double bonds. 
Briihrs rules as to conjugate double bonds have been worked out in 
greater detail by Auwers and Eisenlohr.^ Substitutes on the centre 
carbon atoms of a system of conjugate double bonds lessens the 
“exaltation." In cases in which the substituent itself contains a 
further double bond, which is conjugate with those already existing 
(called by them “crossed double bonds"), the disturbing influence of 
the substituent and the increase caused by the new conjugate double 
bond work against each other. The most important applications of 
this theory of conjugate bonds, leaving out of consideration the 
nitrogen compounds, have been made by Wallacb,^ Semmler,^ and 
Auwers ^ to the problem of the determination of the constitution of 
hydroaromatic compounds of the type of camphor and the terpen cs. 

To the abnormal increases of molecular refraction correspond the 
abnormal decreases found by li. Nasini and G. Carrara to occur in 
cases of heterocyclic comix>und8 containing oxygen, sulphur, and 
nitrogen with double bonds. Oxygen also shows abnormal refraction 
in other ways, when different methods of combination are taken into 
consideration.^ 


Small variations of the expression ^^ 5^2 


from proportionality with 


^ Ber. Detdsch. Uen. 43. 806 (1910). 

2 Lieh. Ann. 347. 319 (1906) ; ibid. 860. 37 (190S). 

2 Ber. iJeutsch. Chem. dea. 33. 1455 (1900). 

** Lieb. Ann. 387. 200 (1912). 

® Uazz. chim. ital. 24. 1 (1894) ; Zeitschr. phynik. Chrm. 17. 539 (1895), 
* See also Briihl, Ber. Deutach. Chan. Oea. 40. 1157 (1907). 

^ Aoderlitii, Oazz. chim. ital. 26. 11. 927 (1895). 
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. ~ 1 

yaried collection of observations the expression ^ ^ as expressing 


this proportionality more completely. 

The figures given in the last column of the preceding table (p. 339), 
and called the atomic dispersions, are the differences of the respective 
values, referred to the blue and the red hydrogen lines. Briihl finds, 
by a discussion of the material thus far observed, that the mofeeidar 
duipersian of a compound for a definite substance, liquid or gaseous, is 
independent of the temperature, and fairly independent of the state 
of aggregation ; this inolmdar dispersion^ in a manner analogous to 
that for the molecular refraction, may bo defined by the formula 


-I 1\M 

Xny**^ + 2 + 2/ d * 

where n^ and n^ are the respective refractive indices for the H. and 
the IL lines. Thus the molecular dispersion, like the molecular 
refraction, becomes of value as a specific manifestation of the material 
nature and composition of chemical substances. 

So far as the available data extend, it is possible in many cases 
to calculate the molecular dispersion from the sum of the atomic 
dispersions ; yet in this case it ap|>ears that constitutive influences 
appear more often and more strongly than in the case of the molecular 
refraction. A comparison of atomic refraction and atomic dispersion 
shows that there is no simple connection between refraction and dis- 
persion. The atomic refraction of carbon is about twice as groat as 
that of hydrogen, but their atomic dispersions are about the same. 
The atomic refraction of bromine is one and a half times as large as that 
of chlorine ; while its atomic dispersion is twice as great. The iodine 
atom refracts twice as strongly as the chlorine atom ; but it disperses 
four times as strongly, etc., etc. It is interesting to know that the 
influence of multiple unions of atoms in the molecule is manifested 
more clearly in the case of dispersion than in the case of refraction. 

According to Auwora and Eisenlohr,- molecular dispersion is more 
valuable for determinations of constitution than molecular refraction. 
Such disturbing factors as the influence of side chains, polymerisation, 
too high values for density caused either by mixture of heavier sub- 
stances, or faulty determinations, which can hide abnormal increase of 
molecular refraction, have far less influence on molecular dispersion. 

An observation of Briihl ^ is very important, to the effect that the 
atomic refractions of hydrogen and chlorine, as calculated from 
their behaviour in their compounds, coincide respectively with the 

' Fee, tmv, chim, Pav-B(u^ 14. 1^5 ; 15. 52 (1896 and 1896). 

* Ber, DfuUch. Vhem. Ors. 48. 826 (1910). 

® Zeitschr. phys, Chetn. 7. 1 (1891). 
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powers of refraction of these gases in the free state; the former,, 
according to the table* on p. 339, are respectively 1*10 and 6*97 for 
Na-light; the latter are found by observation to be 105 and 5*78 
respectively. On the other hand, the atomic refraction of free oxygen 
amounts to 2 05, which is considerably greater than the value for 
hydroxyl oxygen, 1 *53. 

Since the mixture formula on p. 105 usually holds, solids can be 
investigated and their molecular refraction determined in a suitable 
solvent (that is, a chemically indifferent one). It is not improlmble 
that, if these substances were studied in dilute solution, more remark- 
able results might be obtained than by the investigivtion of pure liquids. 
For in the latter the degree of polymerisation introduces complications 
as to which the constitutional formula gives us no indication. To 
perform such experiments it would be advisable to use an optical 
differential metho I which Avould yield directly the difference of 
refractive index between solution and solvent.' 

The following may be said in brief, regarding tlie ihemetical fmmda- 
Hon of the regularities which obtain in molectilar refraction. According 
to the results given on p. 337, the molecular refraction is a measure of 
the space actually occupied by the molecules ; it had been previously 
(p. 333) inferred that the molecular volume is made up additivcly, or 
at least approximately so, from the volumes of the atoms ; and the 
same must also be true for the molecular refraction, as in fact was 
found to be the case. 

The molecular volumes ami the molecular refractions thus appear to he 
closely related values^ because they are hath proportional to the space occupied 
hy the molecules. 

Now, as a matter of fact, it cannot bo denied that there is a 
certain parallelism between the relations of the molecular volume on 
the one hand and of the molecular refraction on the other, to the 
molecular structure. Both properties are peculiarly additive. Also, 
the influence of constitution is clearly the same in both cjises, in that 
carbonyl oxygen has a greater atomic volume and a greater atomic 
refraction than that possessed by hydroxyl oxygen, or by ester oxygen. 
Also, both the molecular volume and the molecular refraction are 
increased by the presence of a doubled carbon union. 

The attempt to expre^ss the molecular refraction of a gaseous compound 
as the sum of the molecular and atomic refmctions of its components, 
employing the formula, has given the following results ; ^ — 


[table 


' See Zoppelari, (iazz. chim, 35 [!]• SS.') (1905). 
’■* Brtihl, Zeiischr. phys. Chem. 7. 140 (1891). 
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Substance. 

Molecular Refraction. j 


Observed. 

Calculated. ! 

Hydrochloric acid 

6-70 

H + C1= 6*83 

Carbon dioxide 

13*32 

C0 + 2C1 = 16'69 i 

Hydrocyanic acid . 

Water 

6*63 

H + CN= 7*21 

3*82 

2H + 0= 4-14 

Ammonia .... 

5*63 

3H + N= 5-36 ' 

Carbon dioxide 

6*71 

CO + 0= 7-08 ; 

Ethyl chloride 

16*35 

HOI + C2H4 = 17-49 

Nitric acid .... 

4*46 

N + 0= 4-25 1 

NitrouH acid 

7*58 

2N + 0= 6-45 j 


The refractive values of the components used were obtained from the 
direct measurements whicli Dulong, Mascart, Jamin, and otliers have* made 
on the free gases, and are as follows : — 

n 0 N Cl CO CN C^H^ 

1-06 2 05 2*20 678 5*03 6*16 10*66 

The differences between experiment and calculation cannot be ascribed 
to errors of olwervation ; they show that the molecular refraction is not a 
purely additive property, but constitutive influences make themselves felt. 
Thus oxygen in the free state has undoubtedly a different atomic refraction 
than in the carbon compounds, and in the latter there is a difl'erence accord- 
ing as the oxygen has both its valencies saturated by the same or by two 
different carbon atoms. The atomic refraction of elements such as sulphur 
or nitrogen is still more variable. 

Dielectric Constants.--— The mutual electrostatic action of two 
electrically charged bodies varies with the nature of the medium in 
which they are placed ; if in a vacuum they attract with a force k, 

k 

then in another medium the force amounts to in which D, the 

dielectric constant of the medium in question, is always greater than 
one, though in gases only slightly greater. Electrostatics teaches that 
the mutual action of two bodies kept at a constant potential difference 
is proportional to the dielectric consUint of the medium, that, further, 
if c is the capacity of a condenser in a vacuum (or, what is practically 
the same thing, air), it becomes cD when the condenser is placed in a 
medium of dielectric constant D. It follows from the theory of 
electric oscillations that the velocity of propagation of electric waves 
in wires is inversely proportional to the square root of the dielectric 
constant of the surrounding insulator. 

From these facts arise a number of experimental methods for 
determining the dielectric constant ; we may mention the following : — 

1. The electrometer method consists in observing the throw of the 
needle of a suitably constructed quadrant electrometer, first in air, 
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then in the liquid in question (Silow, 1875). Cohn and Arons ^ used 
alternating currents instead of continuous currents to charge the 
electrometer. With this method, slightly conducting liquids may be 
investigated. 

2. The condeftiser method consists in comparing by any suitable 
method the capacity of condensers, first in air, and then when filled 
with the liquid to be studied. Measurement by means of a telephone 
and Wheatstone*s bridge is to be recommended ; the chief difficulty 
which arises from want of insulation of the substance under investiga- 
tion can be eliminated by the use of variable resistfinces placed in 
{)arallel to the condensers to be compared. The method thus 
becomes suitable for the investigation of slightly conducting liquids, 
and is simpler and more exact in practice than the electrometer 
method.^ 

3. Measiiremmt of the length of statiomry electric waves. — Some 
arrangement is used for producing stjvtionary electric waves and for 
measuring their length, which is directly proportional to the velocity 
of propagation and, therefore, according to what precedes, inversely 
to the square root of the dielectric constant of the medium. A 
convenient apparatus has recently been described by P. Drude,^ and 
used for numerous experiments. By working with short waves this 
method allows of studying relatively good conductors. 

Dielectric action can be simply explained, as was remarked on 
p. 337, by assuming conducting particles surrounded by an insulator 
(luminiferous ether); the greater the volume of these conducting 
particles, the greater the dielectric constant of the medium in question. 

The following table contains the dielectric constants of a number 
of liquids at 18° ; the numbers show that the dielectric constant varies 
extraordinarily from one substance to another, and so is highly suited 
for characterising the substances : — 


DiELEcmic Constants of some Liquids at 18® 


Henzene . 

Xyleno . 

Carbon disulphide 
Ether 
Aniline . 
Chloroform 
Ethyl chloride 
Ethyl bromide 
Methyl alcohol 


2-29 

Ethyl alcohol . 

. 26*1 

2*3.5 

Propyl alcohol . 

. 22 

2*58 

Isobutyl alcohol 

. 19 

4*35 

Amyl alcohol . 

. 16 

7 '28 

Ortho-nitro-tolueno . 

. 28 

5 

Nitro-benzene . 

. 36 

11 

Water 

. 80 

4*8 

Ethyl acetate 

. 6*3 


32 


If in the expression (p. 337) 
R = 


N2-1 1 
N2 + 2 ‘ d’ 


^ Wied. Ann. 33. 13 (1888). For the description of simple and suitable electro- 
meters see F. Smale, Wied. Ann. 67 . 215 (1896). 

* Nernst, Zettschr. pkya. Chem. 14 . 622 (1893). 

* Zeitschr. phys. Chtm. 23 . 267 (1897). 
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be replaced by D, 


R = 


D + 2 


meaiiB tlu specific refraction for very long waves, since the measurements 
of dielectric constants are always made with wave-lengths considerably 
greater than those of visible light It may be expected, therefore, 
that the regularities observed in optically measured refraction would 
become much more obvious if there were used, instead of the optical 
refractive index N, the corresponding value of the electric refractive 
index ( = /tyi)) which is free from the influence of dispersion (that is, 
refers to very long waves). This anticipation does not turn out to be 
true, as was shown by the extensive investigations of Landolt and 
Jahn.^ The expression for the electric refraction is not even approxi- 
mately constant for the same substance with varying temperature and 
stfvto of aggregation, nor can the specific refraction of mixtures bo 
calculated with any certainty from the mixture formula.^ Conse- 
quently it is impossible to find additive relations for the dielectric 
constants of compounds.*'* 

The explanation of this behaviour lies in the fact that the refractive 
index extrapolated from Cauchy^s formula for very long waves rarely 
agrees with the square root of the dielectric constant. To take the 
strongest example, the refractive index of water extrapolated for long 
waves is 1 *3, the square root of its dielectric constant is 9 ; in other 
words, there is a region of very strong and, in fact, anomalous dis- 
persion in the infra-red spectrum. Dispersion phenomena in the 
infra-red region of the spectrum have so far been but slightly studied : 
we have, therefore, no means of tracing the complete dispersion curve ; 
for the long heat waves investigated are still very much shorter than 
the shortest electric waves which have been produced and measured, 
so that a large and certainly highly interesting region remains in- 
accessible to experiment ; but the recent investigations of Drude 
{l.c. p. 345) bring out clearly that dispoi’sion is mainly associated 
with presence of hydroxyl groxips in the molecule, and that the observed 
phenomena of anomalous dispersion accompanied by the appearance of 
absorption bands in the infra-red pfvrt of the spectrum is in accordance 
with Helmholtz’s theory. 

The circumstance that mixtures of pyridine or bettune with water 
show much more marked anoixudous dispersion than these substances 
in the pure state is explained by Bredig^ as due to formation of 
hydrates in solution after the analogy of NH 4 (OH). 

* Zi'itschr, phys. Cftem. 10 . 289 (1892). 

® See also, amongst others, the researches of F. Ratz, Hkiischr. phys, Cftem. 19 . 
94 (1896) ; Lineborger, ihid, 20. 131 (1896) ; J. Philip, ibui, 24. 18 (1897). 

* Dohrosaertlow, Chem, Zenlt'afbL, i911, I, 963, 

* Zeitschr.f. ElefUrochtm. 7 . 767 (1901). 
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From the point of view of the above theory of Clauaius and Moaeotti 
these facts may mean that the molecules consist of a well-conducting core, 
or several such, and a less conducting sheath ; then the optical refraction 
would be the measure of the volume of the wdl-conducting core, whilst the 
electric refraction measured for very long waves would give the volume of 
the core plus the Imdly conducting sheath. The additive behaviour of the 
optical molecular refraction would show that the volume of the core is 
practically equal to the sum of the volumes of its components, whilst the 
volume of the surrounding sheath would be greatly influenced by constitution. 
Of course this assumption is, at the present time, very hy^iothetical ; still W’e 
may draw certain conclusions on the molecular constitution of matter from 
the explanation of aiionialoiis dispersion in the region of long waves. 

Magnetic Rotation of the Plane of Polarisation. 1846 
Faraday discovered that transparent substances, when placed in a 
magnetic field, acquire the property of rotjiting the piano of polarisa- 
tion in the direction of the lines of force ; and also that the observed 
rotation is proportional to the thickness of the layer, and to the 
intensity of the magnetic field. The sense of this roUition is the same 
for most substances, as for all organic substances for instance ; it is in 
the same direction, as seen by the observer, in which the magnetising 
current circles ; but its magnitude is dependent upon the nature of 
the particular substance. 

The problem of explaining the relation lictween the degree of 
rotation and the chemical nature of the substance was recently (since 
1882 ) attacked in a very thorough way by W. U. Perkin. As a 
measure of the coefficient of the magnetic rotation of substances, 
Perkin took the observed angle of rotation in a definite intensity of 
the magnetic field, divided by the density of the substance and by the 
rotation angle of a layer of water of the same thickness in the same 
field ; this value he named the specijic roktion ; and the product of this 
with the molecular weight of the substiuice divided by the molecular 
weight of water, he called the molecular rotation. Here wo meet with 
relations which are similar to the dependence of the molecular 
refraction upon the composition and the constitution respectively. 
The molecular rotation of organic compounds can usually bo calculated 
very approximately, by summation of the atomic rotations^ tlio values 
of which must be suitably chosen ; and here also, in the case of the 
multivalent elements, the atomic rotation varies very distinctly with 
the mode of union.^ 

Electrical Doable Befiraction. — By this expression we under- 
stand the capacity of all isotropic bodies of assuming in an electric 
field the optical properties of a uniaxial crystal, the axis of which lies 
in the direction of the electrical lines of force. This effect, discovered 

^ For further information see Ostwald, Lehrbuch der aJlg. Chem. 2nd wiit. 1. p, 499 
[1891). [Also see Walker's translation of Ostwald’s OuUinea, p. 106 . — Til] 
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by Kerr, can be inveBtigated as follows : a rectangular trough is filled 
with the liquid to be investigated, through which a ray of light is 
passed in a direction perpendicular to the ends of the trough. A 
homogeneous electrical field at right angles to this direction is set up 
by covering the sides of the trough with two insulated metallic plates 
maintained at a difference of potential equal to v. 

If A is the number of wave-lengths by which the extraordinary ray 
lags behind the ordinary ray, we obtain the relation 

v2 

where 1 is the length of the ray in the liquid, d the distance apart of 
the two plates, and B the so-called Kerris constant, which is character- 
istic for every definite substance. Leiser,^ who measured about 150 
organic substances, found that the value of this constant varied by 
an extraordinary amount from substance to substance. Thus it is 
f 10,070 for nitrobenzene, - 713 for paraldehyde, +100 for carbon 
disulphide, and smaller than 0*1 for methylene diamyl ether. It is 
therefore a very suitable constant for establishing the identity of a 
substance, and as a delicate tost of its purity. Further, Kerr's 
constant is very sensitive to small changes of structure; this is 
probably connected with the very large variations of its absolute 
value. Thus it is + 270 for o-chlorotoluene and +711 for p-chloro- 
toluene ; -113 for normal butyl alcohol and +154 for tertiary 
butyl alcohol. A. Lippraann^ has investigated the influence of 
substituents on the benzene ring on electrical double refraction. 

Magnetism. — The molecular magnetism, ie, the specific magnetism 
referred to that of water as unity, and multiplied by the molecular 
weight, h}V8 recently been investigated for a number of organic com- 
pounds by Henrichscn,® who used the torsion method of G. Wiedemann. 
All of the substances studied were diamagnetic. As the molecular 
magnetism could be calculated by summation of suitably chosen atomic 
rmgnetisniSy it proves that this property is also emphatically additive. 
The presence of double carbon-unions in the molecule seems to increase 
the diamagnetism. 

According to recent investigations by G. Jagcr and St. Meyer, ^ the 
atomic magnetism of the paramagnetic elements, nickel, cobalt, iron,* 
manganese, in equivalent solutions of their compounds stands in the simple 
ratio 2 : 4 : 6 : 6, and chromium appears to lie between nickel and cobalt 

It is remarkable that the magnetic susceptibility appears to be inde- 


^ “‘ElektriHche Doppelhrechung der Kohlenstoffverbmdungen,” A bhandl, rfer deuUchtn 
Bitnmkgfgf No. 4 (1910), 

a Zeitschr./. Hlektrochemie, 17. 16 (1911). 

» Wied, Ann, 84. 180 (1888) ; 46. 88 (1892). 


* Ibid, 63. 83 (1897). 
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pendent not merely of the anion, but of the valency of the cation ; for 
solution of ferrous and ferric salts containing equal amounts of iron are 
equally susceptible. 

On the other hand, the iiiagnetisiii of metallic compounds of the nature 
of alloys is mainly constitutive. The behaviour of manganese in this respect 
is very striking (see B. S. Hilbert, Ber. Deutsch. Ghem. Ges. 44. 2378 (1911), 
and R Wedekind, Maynetochemiey 1912). 

The Heat of Oombustion, — By the heat of combustion of a 
substance is meant the quantity of heat produced by the complete 
oxidation of 1 g. of the substance. It makes a slight difference 
whether the combustion is conducted at constant j)i'esmre, or at 
constant voluniey the former value being a trifle smaller by the amount 
of the heat value of the external work performed by the combustion. 
In the case of the hydrocarbons, e.g,y this difference is usually less 
than 0-5 of a per cent of the total value. The details of this, {is well 
as the methods of the determination of the heat of combustion, will 
not be given till the chapter on ‘‘Thermochemistry.*’ We will give 
in this place only a statement of the regular relations which were 
ascertained by a study of organic compounds. 

The hydrocarbons in particular have been carefully studied ; accord- 
ing to J. Thomsen,^ the following may be theoretically prefaced 
regarding these values. The process of combustion may be regarded 
as occurring in two stages : — 

1. The decomposition of the molecule into the individual atoms. 

2. The combination of the individual atoms with oxygen. 

The quantity of heat produced in the combustion of a hydrocarbon 
is equal to the heat developed by the union of the isoLated atoms with 
oxygen, minus the heat absorption which would be observed in the 
dissociation of the hydrocarbons into separate carbon atoms and 
separate hydrogen atoms. It is a matter of indifference whether the 
process actually occurs in this way ; because, according to the law of 
the conservation of energy, the quantity of heat developed must be 
the same, whatever may be the order in which it occurs. 

Now, if we make the assumption that the same ([uantity of heat 
absorption S is always required in the separation of one hydrogen, 
wherever the separation occurs ; and that there are required the same 
amounts of heat, U, V, and W, in the separation of single, double, 
or triple carbon unions respectively, wherever the separations occur ; 
then in the dissociation of a carbon compound CnIIgb, the amount of 
heat absorption Aj, is, 

Aj = 2bS + xU + y V + zW, 

where x, y, and z denote respectively the number of single, double, or 
triple unions. 

1 Thertruichem, Untermichungen, B<1. IV., Leipzig, 1886 ; Zeitschr, phya, Ckem, 
1. 369 (1887). 
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Now, since there are in the molecule 4a carbon valencies, 2b of 
which are satisfiecl by hydrogen, then 4a - 2b carbon valencies must 
be satisfied in pairs ; and therefore, and because every single union 
employs two valencies, every double union four valencies, and every 
triple union six valencies, it follows that 

4a - 2b = 2x + 4y + 6z. 

Therefore 

X = 2a - b - 2y - 37, 

and therefore for the heat absorption Aj, wo find 

Aj = 2bS + (2a - b - 2y ~ 3z)U + yV + zW. 

Now, if P denotes the heat of combustion of an isolated carbon 
atom, and Q that of an isolated hydrogen atom, then the heat 
devfdoped in the combustion of the isolated atoms amounts to 

Ag = aP + 2bQ. 

And thus f<yr the heat of comtmsiion at constant volmne, we have 

Ag - Aj = aP + 2bQ ~ 2bS ^ (2a - b ~ 2y - 3z)U - y V - zW. 

In order to obtain the heat of combustion at constant pressure, it 
must be observed that the combustion of the gaseous molecule Callai) 

reipiires a + ^ molecules of oxygon, and that there are produced a 

molecules of gaseous carbon dioxide, and b molecules of liquid water ; 

there results, therefore, a diminution in volume of 1 - ^ mol, which 

corresponds to 

0*580 - 0-2901) Cal. 

Now, if wo add this correction, which is usually very small, to 
Ag Ap we obtiiin as the heat of covitmtion 33(0, of the hydrocarbtvn 
(Cftlltfb), at constant pressare^ 

JlHCaH.b) = aA + bB + y(^ + zl) + 0*580, 

where 

A = P-2U, C = 2U- V, 

B - 2Q + U - 28 - 0*290, D = 3U - W. 

As a matter of fact, this formula allows a very exact calculation of 
the heat of combustion of the hydrocarbons of the fatty se/ies, expressed 
in large calories, if we assume the following values : — 

A= 106*17, C= 15*465, 

B- 52*53, D== 43*922. 

Thus, for example, by the calculation of the heat of combustion of 
diallyl, we find 

33(CeHio) - 6A + 5B + 2C + 0*58 = 931*2 Cal., 
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while Thomsen determined it experimentallj^ as 932*8 Cal. Of course 
it is not possible to ascertain the particular values of P, Q, S, U, V, 
and W from the empirically determined values of A, B, C, and D. 

The preceding formula is not applicable to closed chain hydro- 
carbons, such as trimethylene or benzene. Thus the heat of combus- 
tion of the latter substance, C^H^, in the gaseous state, on the 
assumption of nine single unions, according to the preceding formula, 
would give 

6A:rr637*0‘J 
-f3B==157*59 
+ 0*580- 0*58 

Sum = 795*19 

while by assuming three doubled unions in benzene, we would have 
795*19 + 3 X 15*465 = 841*585. 

Both of these values differ too much from that obtained by direct 
measurement, namely, 787*5, which, however, is fairly near the value 
calculated on the supposition of nine single carbon unions. 

The subsequent work of Berthelot in Paris, and Stohmann in 
Leipzig, both of whom worked with the calorimetric bomb, led to more 
complete results and gave a broader basis for the theoretical develop- 
ment of the relations between the heat of combustion and the chemical 
constitution. A renewed di.scu8sion of the observations then led 
Thomsen^ to the conclusion ikif the benzene union haa a heat valm 
different from that of the ethylene nnion. 

In other organic compounds- the heats of combustion show a 
prevailingly additive character. But the unmistakable influence of 
constitutional differences (for instance, in isomeric acids) may be 
distinguished with some certainty in the difference in the value of 
the heats of combustion, and can be compared with the much more 
remarkable variations of other physical properties, specially the 
dissociation constant.^ In the sense of Berthelot’s principle (Book IV. 
Chap. V.) the less stiible isomeric form has usually, but not always, 
the greater content of energy, and consequently the greater heat of 
combustion ; but as, according to Baeyer’s * stereochemical theory, 
double and treble bonds between carbon atoms are more unstable the 
more their valencies vary in direction from the tetrahedric arrangement, 
Le, the greater the tension inside the molecule, so usually the heat of 
combustion increases with the magnitude of the tension, as was found 
by Stohraann^ in general, and especially for the poly-methylenes (CH 2 )n. 

The heats of combustion of the hydrogenised l>enzenes measured 

* ZeiUchr, phya, Cheni, 7. 55 fl891). 

® Stohniann, Zdtachr. phya, (Jfmn. 6. 334 (1890). 

* Stohmann and Schmidt, Zeiiachr. phys, Chem. Rl. 314 ref. ; Joum, pr» Chem* 

63. 345 (1896). * Devlsch, Chem. Oea. 18. 2278 (1885). 

» Journ.pr. Chem. 46. 305, 475 ; 40. 630 (1892). 
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by Stohmann ^ are very characteristic of the thermal behaviour of the 
aromatic compounds. He found the heat of combustion under constant 
pressure — 

Diir. 


Bcnzan<i 

I)i-hydrO'|jenzene 

Tetra-hydro-benzene 

Hexa-hydro-bonzono 

Hexane 


. 779-8 
. 848-0 

. 892-0 
. 933-2 
. 991-2 


68-2 

44-0 

41-2 

58-0 


Similar differences were found for the terephthalic acids and their 
products.*^ The transformation of benzene into its first reduction 
product is accompanied by a much greater absorption of heat than the 
transformation of already hydrogenised products to the next higher 
product of reduction. The entire thermal l^haviour of benzene and 
its derivatives agrees well with Thiele’s assumption (p. 316), according 
to which the saturation in aromatic compounds is much more complete 
than was formerly supposed. 


Regularities in the Boiling-Points of Organic Compounds. 

— The problem of calculating the boiling-points of organic compounds 
from their composition and constitution, and with the same exactness 
that is possible in the case of the molecular refraction, has not been 
solved as yet ; and, indeed, this problem, which is interesting both in 
a practical and a theoretical way, presents no little difficulty, for the 
reason that the boiling-point, doubtless, depends to a large degree 
upon the constitution, and that certainly makes the problem all the 
more fascinating. 

Now, investigation has disclosed a number of instances of regular 
behaviour^ which are sufficiently remarkable to deserve a more 
thorough treatment, although it has not been possible, as yet, to group 
them from any general standpoint. These regularities, for the most 
part, consider the change of boiling-point experienced by an organic com- 
pound from substitution. 


Substitution of OH^. — It was early recognised that the melting- 
point of homologous organic compounds rose fairly regularly with 
the molecular weight; it is only quite recently that Young ^ has 
succeeded in bringing these regularities under a general scheme. 

Firstly, as always in such questions, a distinction must be drawn 

^ Sitzimgsb^r. der i^chs, A lad., 1893, 477. 

^ Stohmann and Kklwr, Jaurn.f. pmkt, Chemie, 43 , 1 (1891). 

» These have been compiled by W. Marokwald, Dissertatim, Berlin, 1888 ; see also 
Fehling’s HandwOrterbuch, art. “Siedepunkt” (“boiling-point’*). (1893). to which also 
reference should bo made for the bibliography ; and Nornst and Hesse, SUdt- und Schmeh- 
imnkl, Brauiioohwuig, 1893. 

< Mag. ®. 6 (1906). 



CH. VI PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 353 

between iiortiml and associated substances. Y^oung expresses the* 
boiling-points in absolute mcjisure, and shows that for normal sub- 
stances, the increase A corresponding to the substitution of CIIj, for 
hydrogen, is simply a function of the absolute boiling-point : 

144-86 

Tiie following table contains the (absolute) boiling points of the 
parathns calculated according to this formula : 





Paraffin. 



l)int*n*n4*e. ! 


Ohs. 

i ‘ale. 

! 

cu, 

lOS a 

103*75 

1 *55 



177*7 

2*3 

t’ails 

22s •{) 

*229*85 

{ 1 *85 

^ iUiD 

27 10 

272*3 

1*1 


:309'3 

309*1 

1 0*1 i 


311*95 

311*95 

1 


371*4 

371*3 

01 ! 


398*3 

398*1 

0*5 1 


122*5 

1*22*85 

10*35 i 


143*0 

4 15 85 

0*15 I 

0„ff.24 

437*0 

437*35 

+ 0*35 ] 


487*5 

487*35 

i 0*15 j 


507*0 

503*8 

0*2 i 

^ |uU:4o 

525*5 

5*25*0 

0*5 i 

Cislfj'i 

543*5 

542*3 

1*2 

Cu^hi 

530*5 , 

558*85 

1 *35 


573*0 

574*7 

1*3 


590*0 

589*9 

0*1 

^'19^40 

303*0 

1 

304*5 

1 

f- 1 *5 


This formula, which was i)roved on about 250 substances, holds good 
also for the alkyl halides, isojiraraffins, olefines, polymethylenes, toluenes, 
xylols, ethers, aldehydes, amines, and mercaptans. It should be 
noticed, however, that the first member of a series always shows a 
greater deviation than the higher members. This is illustrated in the 
following small table : 
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249*;^ 

285‘5 

;il9*0 

.‘J51-0 

;J79*0 

406-0 

4:i:i*0 

457-0 


36*2 

i 39-85 

33-5 

: 35-25 

32-0 

1 31*55 

28-6 

! 28*55 

26-1 

‘ 26*15 

27*0 

24-15 

21*0 

; -22-4 
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Dirt. 

+ 3-65 
+ 1-75 
~0-45 
-0*05 
~0-25 
-2-85 
1-6 


Kv(!ry homologous series must therefore be divided into two groups, 
f(»r one of which the formula agrees approximately, for the other 
very closely. The first member of each series that contains a - ClI., 

group attach(‘.<l to two carbon atoms (C - (Tig - C) is the end of the 

lirst group and the beginning of the second. 

The same formula holds good (but with dittcrenees of a few 

degrees), for the homologous series of .substances associated in the 

li(|uid condition, such as nitriles, rutrocompounds, ketones, alijdnitic 
ai^ids and alcohols ; while the esters come between the normal and the 
associated substances, both in their degree of association, and in the 
cl(»seness with which they obey the rule. 

The Substitution of Cl, Br, and I. — The introduction of the 
first chlorine atom into a methyl group occavsions a rise in the boiling- 
point of about 60 ’ ; the actions of the second and third Cl atoms ai e 
nuudi weaker, as shown in the example of the chlor-acetic acids ; thus 

Dill. 


1 iioils ut 

. 118' 

CH./nOOyH ,, 

. 1.S5 

(’fICUXXlf „ 

. lyr 


. 195' 


'Fhe re[)laceinent of Cl by Ih* makes the rise aljoiit 24 greater 
throughout ; by I about 50 ’ greater. 

The Substitution of H by OH. — This in general occasions a rise 
of about 100‘; the phenols and the corresponding amines have the 
same boiling-points ; thus here the effect of the substitution of Nllg 
and of OH is the same. 

A very complete aii<l valuabb* study on the action of suKstituting 
negative radicals has been made by L. Henry,' who estiiblisheii that the 
aceiimulation of negative rmlieals, e.4|>ecmlly oxygen, at one point of the 

* liifiktin tk I'ActuUmk fteltjiqm [3], 16. Nos. 1 auU 2 (1888). 
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molecule of an organic compouml causes great increase of volatility, (hat the 
intluenoe is greatest when the suhstituting negative Kwlicals are attached to 
a single carbon atom, whilst the action is still noticeable if the sul>stitulioii 
takes place in two carbon atoms directly eombined. 

When two compounds unite with each other icith dmimiimi of 
water^ the boiling>[X)int of the resulting product can be roughly calcu- 
lated by {tdding the boiling-points of the two components, and then 
subtracting 100 120'. Thus 

Acetic iicitl boils at . . . .118’ 

Ethyl alcohol ,, . , . 78 

Sum _ nubs'* 

Acetic ester boils at ... . 77u) 

Diir. llO-.V 


A Comparison of Isomeric Compounds shows that in the 
fatty series the normal compound has the highest boiling point,.* The 
more the chain of carbon atoms a.s.sumes a “ branching ” type, or 
the more “spherical" the molecule becomes, so much more docs tln^ 
volatility increase. Pentane, may serve to illustrate this — 

(JH3(Oir2i,Clf3 ; (('ll.,), .011(111.011, ; (Cn,),(\ 

15.. P. 88^ 80' ' ■ o-.r 


In general a change of Cll./CIL)^ into (CH. 1 corresponds to a 
fall in boiling-point of about 7 . 

Further, in the ctise of isomers conUiining oxygen, the Iwnling 
I)oint will bo the lower the nearer the oxygen atom approaches the 
centre of the molecule ; a change from a piimary to a secondary 
alcohol corresponds to a fall in the boiling-point of about 1 U ; thus 


CH./CH 2 ).,CH.pII boils at 

CH;,(C1L,)CH(0H)CH, 


’■JiJ'o" )»*»■• 17-«- 


Moreover, in the case of the isomeric halogen substitution products, 
that one will have the lower boiling-i»oint where the chlorine seems to 
be more central in the chain of atom.s ; thus 


(1 lb, (J I {.^(^'H., (11 boils at ...... |()‘5 

(IHiCHClClI, 87" 


Of the isomers of (he heozeiu derivatives^ in general the ortho eA)injmiuuIs 
Imil at a higher tempemture than the meta and these in turn 

about the same as, or higher than, the para compounds. 

liegarding the inHuence of the doMe unum in hydrocarbons, there 
is no general rule ; but it is found that the hydrocarbons correspond- 
ing to the formula CnHan+s^ J^nd those corresponding to C,Jl 2 ,„ 
have the same boiling-point, so that in this case the double union 
seems to have the same influence as the two hydrogen atoms ; the 

* B. Tolleiis, Ber, 2. 83 (1869). 
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same applies to alcohols, acids and esters. But in other cases a 
corresponding change in the molecular- structure, e,g. carbon union 
instead of two hydrogen atoms, is associated with a decided change in 
the boiling-point ; thus compounds of the type 


C9H/ 

boil about 40''“4r lower than those of the type 


CeH/ 


R, 


where R represents any selected divalent radical, as 0, CHg, S, NH, etc. 

When an acetylene compound is produced by further elimination 
of hydrogen, the boiling-point rises: thus the propargyl compounds 
boil about 19*5° higher than the corresponding propyl compounds. 


THe attempt of Vernon 1 to apply regularities of boiling-point to 
determine molecular condition of a liquid is noticeable as he starts from 
the very plausible assumption that the deviations which individual sub- 
stances show from general rules have their ground in polymerisation of the 
liquid molecules. Thus usually doubling the molecular weight raises the 
boiling-point about 100® (ethylene boils at - 105, butylene at - 5, octylene 
at 126, the hydrocarbon at 274); now in the series hydroiodic 

acid, liydrobromic acid, hydrochloric acid, the boiling-point falls from - 35, 
69, to - 83. We may therefore expect for hydrofluoric acid about - 120, 
jivhereas its boiling-point is actually -f 19-4®, that is 140® too high. Vernon 
concludes therefore for a molecular formula of hydrofluoric acid lying 
between H2E2 and H^F^. Similarly water, by analogy with sulphuretted 
hydrogen, should boil at - 100®, as the boiling-point lies 200® higher the 
formula (H^O)^ is probable. By similar considerations Vernon found the 
molecular formulae S^g, SOg, SOClg, SO3, (HoSO^)^, (8602)4. esi)ecially 

noticeable that the hydroxyl compounds, according to these observations, 
are in general strongly polymerised ; for the thio - compounds which 
contain SH instead of OH boil 30® or more below the corresponding 
hydroxyl compounds, whereas in general replacing of oxygen by sulphur 
causes a rise of 40® or 50® in the boiling-point ; further, many ethers boil 
at a lower temperature than the corresponding alcohols (for instance, 
methyl ether at --23®, methyl alcohol at -4-66®), whereas otherwise replac- 
ing of hydrogen by an alkyl raises the boiling-point. These considerations 
lead to results which must be qualitatively correct ; the conclusions on the 
degree of polymerisation are, however, uncertain (see pp. 294-298). 


The Critical Data. — The conclusions arrived at in the second 
chapter of this book leave no doubt that the critical data have great 

^ Ohem, Newsy 64. 54 (1891). 
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signcficance for every well-defined chemical substance, and that the 
problem of tracing out their relationship to the constitution is a 
very important one. Unfortunately the experimental data thus far 
accumulated are neither very extensive nor very exact, as there is 
considerable ditferenqe between the results of different observers. 
For this reason, the results up to date are very small, and we will 
limit ourselves to the description of a rule discovered independently 
by Guye and Heilborn. 

In keeping with experiment (p. 231), and according to van der 
Waals, the critical volume, which is determined experimentally with 
great difficulty, may be made proportional to the critical temperature 
divided by the critical pressure, is, proportional to the so-called 
“ critical coefficient ” k, 



But now since, according to the reasoning on p. 333, the critical 
molecular volume is an additive property, then the critical coefficient 
must be so also (Heilborn). On the other hand, the critical coefficient, 
like the molecular refraction (p. 336), is a measure of the space actu- 
ally occupied by the molecules ; and since the latter is decidedly an 
additive property, therefore the former is also (Guye).^ 

Now, as a matter of fact, it is found that it is possible to put 

"^0 

if the critical pressure is estimated in atmospheres, and the refraction 
R refers to infinitely long wave-lengths (p. 337). This rule is only a 
rough approximation, inasmuch as the numerical factor in the preced- 
ing equation varies between the limits of 1*6 and 2*2 ; therefore in 
calculation one may use the red rays, the refraction of which is only 
slightly different, in comparison. And conversely, it is possible to 
calculate the critical coefficient from the atomic refraction given on 
p. 339, with about the same degree of approximation, ie, about 
10-20 per cent. 

The Melting-Point. — The melting - point is best determined ex- 
perimentally by surrounding the thermometer with the finely pulverised 
substance and heating it to incipient fusion. On account of the latent 
heat the thermometer remains constant for some time, when it is 
carefully stirred till all is melted at a fixed temperature, which can 
be exactly measured, and which is the melting-point. We can in 
this way obtain very exact measurements, especially by using large 
quantities of the particular substances, and by fixing the zero-point 

^ Ann, chim, phys. [6], 21 . 206 (1890) ; TMsef Paris, 1892. 
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of the thermometer scale very accurately by observing the melting- 
f)oint of water according to this method. \ 

Another method, which allows of very accurate determ i nation, jand 
which also makes it possible to use considerably smaller (luantiti^s of 
the substance, say 10-20 g., depends upon the phenomenon of uMer- 
cooling. For although a solid substance at its melting-point assi|mes 
the li(|uid form under all circumstances, yet there is usually a malked 
delay in the reverse process, and it requires some external stimMus 
to induce the li(piid to assume the solid state which correspondst^to 
its temperature. If one brings this about by stirring with a glairs 
rod, or moie certainly still by introducing a bit of the substance in 
the solid state, the freezing of the under-cooled substance occurs ; 
and then, as a result of the latent heat, the temperature rises to 
tlic freezing-point. The establishment of this temperature may be 
determined with great precision and certainty by this method (see 
also p. 278 ff.). 

The methods of melting and of freezing with large quantities of 
the substance give results which coincide to the hundredth part of a 
degree. Those methods, according to a recent publication by Landolt,^ 
are the (ymly ones which give certain results. In practice, however, 
extreme accuracy is often superfluous, either because the substance is 
not completely pure, or because very small quantities of it are at 
disposal ; the determination is then usually made by introducing the 
substance into a capillary tube which is fastened to a thermometer 
bulb, and the two together are dipped into a bath of water, oil, 
paraffin, or sulphuric acid. The temperature shown by the ther- 
mometer at the moment when the substance (which is opaque in 
the solid state) begins to become transparent is noted as the melting- 
point. The moment of the change of colour, as a rule, can bo sharply 
noted in a clear bath and with favourable light ; but sometimes, when 
the substance exhibits an appearance of translucency before it rcaljy 
melts, the error of observation may amount to several degrees. In 
such a case the moment when the melted substance begins to flow 
down into a deeper part of the tube may be taken as the sign of 
incipient fusion. This point may be made more visible to the eye 
by a simple apparatus suggested by Piccard.^ 

Mention was made on p. 180 of the regularity in the melting-point 
of the elements. A rule announced by v. Baeyer ^ for organic com- 
pounds has general interest. According to this, the even members of 
homologous series are clearl}^ different from the odd members — 

' Xeitachr, pht/s. Chem, 4 . 349 (1888) ; see also R. v. Schneider, ibid. 22 . 225 
(1897). 

Her. 8. 687. See also art. “ Schmelzpnnkt ” (“melting-point”) in Fehling’s 
Ilandwiirterbuch ( 1 800). 

Her. 10 . 1286 (1877). [The melting-points have been corrected in accordance 
with the tallies in the latest edition of Meyer and Jacobsen, fjehrbvch der ora. Vhein,. 
1909-10.— Tit.] 
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Series of the Fatty Acids 


Normal Cj Hi O2 






+ 10*5 

O3 Hfl O2 






* -22 

C4 H3O2 






- 7*9 

C5 H10O2 






-68-5 







- 1*5 

C7 H14O2 






-10*5 

Cg Hju02 






+ 10*5 

C9 H|,^0.2 






-1 12*5 

CioHijoOa 






+ 31*1 







H 62*0 







I 60 







-f69*3 


Succinic 

Acid Series 



Normal Succinic acid 

C| O 4 


183 

Gliitiiric ,, 

Cg Hh O 4 


97*5 

Adipic ,, 

Cg n,«04 


153 

a-Pimelic ,, 

C7 HpjOi 


105 

Sulxjric , , 

Uh H 14 O 4 


HO 

AaOaic ,, 

Co HjgOi 


107 

Scbacic ,, 

UiqUjhUi 


133 

Brassy lie ,, 

UnH.2(,04 


110 


In both series, without exception, the member with an uneven 
number of carbon atoms has a lower melting-point than the preced- 
ing member with one less carbon atom. In the succinic acid series, 
with increasing molecular weight, the melting-point of the acids 
having an uneven number of carbon atoms rises, and that of acids 
having an even number of carbon atoms falls, so that the two sets 
of numbers together seem to tend towards the same mean curve. 

Tsakolotos ^ has shown that in the ease of the simple hydrocarbons, 
this curve which fits the melting-points of the higher homologues of 
the series, can be expressed by an empirical equation. While the 
melting-points of the compounds CII 4 to alternately rise and 

fall, just as with the fatty acids, the difference from to C 60^^122 

can be expressed by the relation : 




85-0*01882 (n-l)“ 
n - 1 


where A„ is the difference between the melting-points of two neigh- 
bouring homologues, and n, the number of C atoms, is the lower of 
the two. 


^ Compt. rend, 143. 1235 ( 1900 ). 
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Absolute Melting-Points of the Hydrocarbons 






Obs. 

Calc. 

Ci,H„ 




291“ 

— 





295-6 

296 





301 

300-7 

Ci9H,o 




306 

305 

O 20 H 42 




309-7 

309-2 

C21H44 




313-4 

313-1 

C.^H 4 , 




317-4 

316-7 

C2aH49 




320-7 

320-2 

C24H50 




324-1 

323-6 

^27^18(5 




322-5 

322-2 

Cadhy 




341-1 

342-0 

C32H«6 




343*5 

344-2 





347-7 

3.60-0 

Qm)Hi22 




374-376 

374-3 


The following may be stated respecting other irregularities : 
Bromine compounds appear to have a higher melting-point than 
the corresponding chlorine compounds; and the nitro- compounds 
higher than the corn'sponding bromine and chlorine compounds.^ 

In the pyrotartaric acid series the melting-point is higher the 
more the structure of the acid deviates from the normal type, i.e, the 
more side chains are built on to the normal. This may be foimulated 
in the statement that in the pyrotartaric acids the melting-point rises 
with the number of methyl groups.*^ 

Of the isomers of the aromatic series, the para derivatives seem to 
have the highest boiling-points, but there is an exception to this rule in 
the case of the amido derivatives of the substituted benzene sulphonic 
acids, ^ and also in the case of the isomers of the toluene sulphonic 
amides, anilides, and toluidides. 

Among the amides of the halogen derivatives of the benzene sul- 
phonic acids, in the para series, the melting-point rises about 20'’, when 
a halogen is substituted by the next heavier halogen. Thus the 
chlorine compound melts at 143'’-144'’, the bromine compound at 
160°- 166°, and the iodine compound at 183°. Also the melting-points 
of the halides of any particular series appear to rise from the fluorine 
to the iodine compounds, but not regularly.'^ For a series of further 
rules see the monograph quoted on p. 352. 

Another point which is of much consequence for this question must 
not be overlooked ; it gives to melting-points occasionally, perhaps more 
often than is supposed, a certain arbitrary character. Many solids 
have the faculty of existing in several modifications, possessing 
different physical properties, and in particular often very different 
melting-points (p. 94). This is especially common among organic 
compounds, and it is not impossible that allotropy (polymorphism) is a 
general phenomenon, i,e. that every solid substance can exist in several 

^ Petersen, Rcr. 7 . 69 (1874). Markownikoff, IM. Ann. 182 . 340 

» Beilsteiii, Handbuch, 1 . 60 (1886). •* Lenz, Ber. 12 . 682 (1879). 
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modifications corresponding with different conditions of pressure and 
temperature. If this view is correct, then when comparing melting- 
points the question must first be settled what modijicatiom are comparable, 
and it is quite possible that many exceptions to the rules of melting- 
point so far discovered are only apparent, and would be avoided by 
the discovery of new modifications. 

Although in the case of the other physical properties, the theory 
of their relation to the constitution of organic compounds in particular 
has been developed much fiu-ther than in the case of the melting-point, 
yet, on the other hand, there is no other physical constant so well 
suited to identify a well-defined chemical substance. The melting- 
point has a pre-eminent place among all the physical properties, as is 
shown by the fact of its easy and accurate determination, by its great 
sensitiveness to foreign adulteration, and also by the fortunate circum- 
stance that these foreign adulterations almost always act in the same 
way, namely, to lower it (pp. 139 and 165), and finally, it varies con- 
siderably, even with ver^^ slight changes in the composition. 

Internal Friction. — Accoi-ding to the gas theory, p. 206, the 
internal friction in the case of gases and vapours is directly proportional 
to the path of the molecule, and this latter is inversely proportional to 
the cross-section of the molecule ; therefore by measuring the internal 
friction of gases, one may obtain a measure of the space occupied by 
the molecule. As a matter of fact, L. Meyer ^ found a proportionality, 
which was at least approximate, between the volumes of molecules 
determined in this way and Kopp^s values ; and we have already seen 
that the latter (p, 333) may be regarded as a measure of the space 
actually occupied by the molecules. It would be very interesting to 
have a comparison between the values as obtained by internal friction, 
and those from the molecular refraction, since these latter values, 
according to p. 337, are also a measure of the volumes of molecules. 

The internal friction of liquids has been the subject of much 
investigation, but without affording any regularities of a general nature.^ 
It is noticeable that the peculiar influence on other physical properties 
of the mode of combination of oxygen appears also in the viscosity.® 

The Natural Rotation of the Plane of Polarisation.— While 
the property of being optically active under the influence of magnetism 
is a universal property (p. 347), only certain substances are able of 
themselves to rotate the plane of polarisation. The natural rotation, 
like the magnetic, is proportional to the thickness of the section used, 

1 Wud. Ann, 7 . 497 (1879) ; 13 , 1 (1881) ; 16 . 894 (1882). See also Steiidel, 
iMd, 16 . 369 (1882). 

® Ostwald, AUg, Chem. 2ncl edit. 1, 560 (1891). 

* Thorpe and Rodger, Philosophical Trantactiona, lx>ndon, 1894 and 1896 ; ZdUchr, 
phys, Chem, 14 . 361 ; 20 . 621. 
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and varies with the temperature, and also with the wave-length of the 
light used. * 

The rotation may be measured by the polarisation apparatus or 
by the polar! strobometer ; this in its simplest form, as devised by 
Mitscherlich, consists of two NicoTs prisms, which, when placed 
respectively before and behind the stage, produce darkness ; the stage 
is for the reception of the substance. The angle of rotation is read 
directly from the divided circle of the ocular, or else the rotation is 
compensated by a quartz wedge which can be interposed to any desired 
thickness (Soleil). Finally, a number of changes have been proposed 
in order to obtain still greater accuracy ; these have been applied in 
the so-called “ half -shadow ** apparatus, which has been well received in 
both scientific and practical work. The fundamental principle of this 
is that the field of view of the polarising apparatus is filled, not with 
one bundle of light rays, but with two ; their planes of vibration form 
a certain angle with each other, and by turning the analysing Nicol, 
the two halves of the field of view are brought to the same degree of 
brightness.^ 

The natural circular polarisation was discovered in quartz by Arago 
in 1811, and was afterwards observed in many other crystals. 

The natural circular polarisation of liquids, or of amorphous solids, 
was first observed by Biot in 1815 in sugar solutions, and subse- 
quently in very many substances, which, until lately, were all carhmi 
compounds. 

The rotation property of crystallised substances depends appar- 
ently upon their molecular arrangem.ent (crystal structure) ; while 
that of organic compounds depends upon the constitution of the 
molecule. A fact among others, in favour of this latter view, is that 
Biot (1819) found that those organic substances, which were active in 
the liquid state, were also capable of rotating the plane of polarisation 
in the gaseous state ; this was more thoroughly studied by Gernez 
(1864) for the vapour of oil of turpentine. We will consider here only 
the property of rotation of the carbon compounds. 

The property of rotation of organic substances has primarily been 
of great importance as an aid in analysis. This can be determined not 
only directly for active substances, as, for insUvnee, sugar in water solu- 
tion, but also under certain circumstances, as shown by Landolt,*^ 
indirectly, in that the influence of inactive substances on active 
substances may be measured by the polari-strobometer. An active 
substance is characterised by its specific, coefficient of rotation [a] ; a 
denotes the rotation angle for a definite kind of light (sodium light 
for example), measured at a definite temperature (20° for example), 
and expressed in degrees of the divided circle ; 1 denotes the length 
of the section used, expressed in decimeters ; c denotes the number of 

* For a more detailed description, see Laiidolt, Optisehes DrehungsvermOgen org, 
SubsUinzen, 2nd edit., Braunschweig, 1898, Ber, 21 . 191 (1888). 
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grams contained in 1 c.c. of the liquid used (whether of a Folution or 
a pure substance) ; then we have 


Moreover, the specific coefficient of rotation of the substance in 
solution in general varies with the nature of the solvent, and also with 
the concentration ; ^ information as to these points should therefore 
always accompany a statement of the degree of rotation. The product 
of the specific coefficient of the rotation and the molecular weight is 
called the imUcalar coefficient of rotation. 

The connection with constitution is shown in no other physical 
property so clearly m it is in this of optical rotation. As already 
stated on p. 319, if we confine ourselves to the active carbon com- 
pounds, only those compounds are active which have one or more unsym- 
metrical mrbon atonis, Le. carbon atoms, the four valencies of which, 
in the sense of structural organic chemistry, are satisfied by four 
different atoms or radicals. But, on the other hand, the existence of 
such carbon atoms by no means conversely necessitates optical activity ; 
this is explained by the following fundamental laws regarding the 
polari-strobometric behaviour of organic compounds, which in turn 
fctre an immediate consequence of the views developed on p. 31§. 

1. Only those compounds are active in an amorphous state, whether 
solid, liquid, or gaseous, which possess one or more unsymmetrical 
carbon atoms in the molecule. 

2. There corresponds to every optically active substance a twin, 
which polarises light with the same degree of strength, but in the 
opposite direction ; if the compound has only one unsymmetrical carbon 
atom, then the two twins have the relative rotations, + A and - A. 
But if several unsymmetrical carbon atoms exist in the molecule — two, 
for instance — then, if we denote by A and B the rotations produced 
by each of these respective carbon atoms, there will result the follow- 
ing combinations : 

"" A + B; -A-B; 

A-B; -A + B. 

The pairs in the horizontal rows are isomeric twins, since they 
have the same degree of rotation but in contrasted directions. If 
the compound has n unsymmetrical carbon atoms, then the number of 
optical isomers is 2n, every pair of which are twins. 

3. But, conversely, it is not necessary that all compounds con- 
taining asymmetric carbon atoms must be optically active ; for these 
may be — 

* C. Winter bns shown tliat the influence of concentration and temperature on the 
optical rotatory power of dissolved substances, can he theoretically accounted for by 
means of tlie iiiteriial pressure of liquids (p. 250). See Ztitschr. phys. Chem, 60.‘ 
663, 641, 686 (1907). 't „ 
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(a) Cmnpomdn havintj n ir.nj mall coeffident of rotation^ so that it 
baflles measurement. The quantitative relations between 
the strength of the rotation and the nature of the atoms 
f>r radicals satisfying the four valencies of the carbon atoms 
have not been determined as yet ; so that nothing certain 
can be stated at present regarding the absolute degree of 
the rotation. 

(A) (*omponmh f'.rhihiting interml rmnpevmtkm ; if a molecule contains 
an <iven number of unsymmetn’eal carbon atoms, then it may 
ha|»pon that the particular action is exactly neutralised, and 
that the molecule as a whole is inactive, in case the carbon 
atoms are alike in pairs. This is the case with tartaric acid, 

(dIOFf— COgH 
CHOII-~CO,H, 

which has two similar unsymmetrical carbon atoms ; the 
possible isomers are, of course, as follows : 

■f A 'H A + A - A - A - A 

Doxtro tart, acid ; Inactive tart, acid ; Lawo tart. acid. 

Of course i A - A and - A + A correspond to identical sub- 
stances, which are optically inactive in consequence of internal 
compensation. 

{r) Componmh coimding of an egui- moke alar mnon {^racemic muinre) 
of the right and kft varieties. I'hus this is the case with 
racemic acid, which is an ecpii-molecular union of right and 
left tartaric acid. 

Such mixtures as the latter are obtained in the sgnthetie prodaciitm 
of compoumls with unsymmetrical carbon atoms from inactive sub- 
stances. Tills follows necessarily from the fact that the synthesis of 
such a compound consists in the replacement of one c in the compound 
Cabc., ))y d, and on account of the complete eijuality in value between 
the places occupied by the two c valencies, two kinds of substitution 
must always occur to the same extent. 

The Decomposition of a Mixture of Optical Isomers.^— 

It remains as a problem for the experimenter to separate the eqiii- 
molecular mixture of the dextro and hevo compound. There is no 
[larticular ditllculty in the synthetical prepfiration of such a mixture 
above the other syntheses of organic chemistry ; but certain specia 
methods of treatment are reipiisite for the separation. The customary 
methotls applicable to the separation of physical mixtures, which 
depend upon incidental dilTerencos in the melting-points, the vapour 

^ For details stMj v.'in 't HolT, Jjujenniff dee AOmr im Itnume^ Hr.au nschweig, LS04, 
auil rs[u‘eially in the extensive work of Laudolt referred to on p. 362. 
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pressures, or the solubilities, all fail here completely, because, according 
to p. 320, both components have the Siime melting-point^ the same 
vapour pressures, and the same solubility. There are three methods 
applicable in this case, for all of which we are indebted to Pasteur. 
A short sketch of these follows. 

1. By allowing an active substance, + B, to react on the mixture, 
the comj)onents of which are designated as f A and - A, we obtain 
thereby a mixture of B + A and B - A. Now these last compounds 
are no longer twins, but will in general exhibit greater or smaller 
differences in melting-point, vapour pressure, and solubility, therefore 
they can be separated by the usual methods. By decomposing the 
separated compounds, the isomers + A and - A are obtained in the 
pure state, and the desired separation of the original inactive mixture 
is accomplished. 

In this way Pasteur used cinchonine to neutralise a solution of 
racemic acid, which is an equi-molecular mixture of dextro and bevo 
tartaric acids ; the respective salts were separated from each other by 
crystallisation, and then by decomposing these cinchonine salts the 
dextro and bevo tartaric acids were obtained in the free stJitc : the 
velocity of reaction in the saponification of an optically active alcohol 
by a racemic mixture of an active acid is noticeably diflorent for the 
two components of the mixture.^ 

2. Certain organisms aftect the two isomers differently. Thus 
Pasteur observed that the vegetation of penidUion in a dilute solution 
of ammonium racemate destroyed the dextro acid, while the Ltvo acid 
remained. Since the organisms in question, or the enzymes contained 
in them, possess themselves an asymmctrictal structure, this method 
is* essentially the same as the first. 

3. Sometimes the dextro and bevo compounds can be separated 
from each other in contrasted hcraihedral crystals, which can be picked 
out from each other. Pasteur observed this in the crystallisation of 
sodium - ammonium racemate. But usually the two isomeric salts 
crystallise out as a compound. This is the case with the tartaric 
acids which, in an equi-molecular solution, unite in crystallising out as 
racemic acid. Of course in such a case the method is deliarred. 

To jutxluce an ojUit'ally activo compound from its antijKHlcs tin* follow- 
ing method can somctinies he used. On rise of temj»eratnre an oj»tically 
active coinponn<l is commonly converted into tlie racemic mixture, which 
then, by any suit able proce.<s of deromposilion, wall give both tlie rlextro 
and ];evo conq>ound. 

Quantitative Relations. — The fact that optical activity is con 
ditioned by the presence of an unsymmetrical ctirbon atom suggests 
another question : What are the relations between the nature of the 


Marckwald and McKenzie, lier. iJevtsdu Chem. (Joi, 32. (1899). 
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radicals which saturate the fotir valencies of the un83^mmetrical carbon 
atom on the one hand, and the degree and direction of the rotation on 
the other hand 1 Although not very much is certainly known at 
present, yet a few general remarks will be given regarding the kind 
of relation which should be locked for here. 

Wo will denote by e the numerical value of the property of a 
radiciil which is influential in occasioning the polarisation ; then the 
power of rotation [a] will be determined by the combination of the 
values Op e^, O3, and e^, which this property assumes for each oiie of 
the four resfiective riidicals of the unsymraetrical carl^on atoms ; and 
th(j mathematical expression which may be calculated as the i)owcr 
of roUition from these values must obviously fulfil the following 
conditions : 

1. It must become ecjual to zero when two or more of the four 
values of e are the same, for in the latter case the asymmetry, and, 
thcroforo, of course, the roUtion, will disappeai*. 

2. It must remain unchanged in degree, but in the opposite direc- 
tion, when two values of e exchange places with each other. Such an 
exchange means nothing more than that a dextro-isomcr is changed 
into a lievo'isomer, or the reverse. 

l>y a few .trials it is found that an expression of the following form 
is suited to the conditions outlined above : 

(®l “ “* ^4X^2 ■” ~ ”* ^4)’ 

or 

Co e., 0^ e.^ e^ 

Of course many such expressions as the preceding may bo found, 
but these two are the simplest .They are, moi’cover, fundamentally 
i«lentieal, for it is only iiecessfiry to use log 0 in the second expres- 
sion, to regaril this property as si measure of the power of rotation, 
in order to ol)tJiin the first expression. It is also prohiblo that there 
exists a property of the atom or radical, which is related to the molo' 
(Hilsir rotitory power according to the following Law : 

AI[a] - (0, - e.,)(ei - - e^)(e3 - ej. 

Of course it cannot be dotorminc<l on a prion grounds, whether or 
not the value of e msiy depend both on the nature of the |)artieular 
ra<liciil and also on the nature of the other three radicals which con- 
stitute the uusymmetrical csirbon atom group, i.r. whether or not there 
exists a mutual influonct? between the radicals. If such were the case 
the problem would bo much complicated, because then the calculation 
would have to take siccount of the mutual influence of each of the 
vsilucs of 0, though prolwibly this mutual influence would not be very 
great. 
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It was su8pecte<l by Guye ^ that the proiluct of tlie niiiss of the 
radical, by its distance from the central point, [centre of gnivity], of 
the unsymmetrieal carbon atom, or, since the latter is approximately 
constant, that the miss of the radiod is a mwisure of the degree t>f the 
rotatory power. The molecular rotation accoitlingly would l )0 

where the values of in are either proj>orti()niil to the weights of the 
four radiciils, or at least are greater the greater the weights become. 
But this has not lieen confirmed by ex|>erii*nce. 

Pery Ililditch was able to confirm by careful investigations an 
observation of Walden to the effect that a double bond usually caused 
an iucreiise in the power of rotfitiou. This is all the more interesting 
since the double l>ond has a similar influtMice on oixliriary refractive 
})ower (see p. .‘J39), and further the coefficient of absorption is also 
increased in passing from the saturated to the iinsaturated condition. 

The degree of rotation i.s indeperulcnt of the wave-length. 
Dispersion is usually normal, but becomes abnormal near regions of 
strong absorption. Cotton - has shown this for solutions of copper 
and chromium tartrates in potash. Ilis investigations were extended 
later by M. F. M‘l)ovvelI,2 11. Gros.smann,‘ an<I b. 'rschugajew. ‘ An 
abnormal rotation dispersion of colourless solutions is also possible 
when two species of rnolccnles rotate the piano in opposite directions, 
and also possess sensibly diireront (normal) dispersion. 

The Absorption of Light. — If monochromatic light, /./. light 
having a definite wave-length, falls at right ariglos upon an absorbent 
layer which has the thickne.ss d, then a part of the light will be used 
in warming the substance permeated, and thus will be lost by absorp 
tion. The fundamental law of absorption sLiUis that the intensity of 
the emerging light *y is proportional to that of the iricidcFit light 
J, and that there exists the relation 

here y denotes a munericid factor which is characteristic of the ab.sorb- 
ing sub.stance ; this (thsorption coelfleMhi y varies with tluJ wave length 
of light. 

The construction of spectroscopes is described in handbooks of 
physics.’^ It should he noted that the apparatus usually matle for 

‘ U./^. 110. 741 (1890) ; Uioroiij^hly in a ThesiH, Paris (1891) ; sei* also the woik 
of Ijainlolt (juntiul on p. 362. 

- Ann. ff. chim. H il, phys. f71, 8. 347 (1896). 

^ l*hysiaU 20 . 163(190.5), 

^ Her. DcnUcif. Chem. a> 9. 42 . 2646 (HK)9). 

^ Her. Drnlsch. (^hnn. (tes. 42 . 2244 (1909; ; Xciituhr. phy.-i. (Uvem. 74 . 503 (1910). 

® See also the nionogra|>l>M on 8|>ectral analyKis l»y KayMjr, Ilerlin. 1883, and by 
II. W. Vogel, Berlin, 1886. and the literature quoted on p. 190. 



368 


THEORETICAL CHEMISTRY 


BK. ir 


laWratory use depeiuls upon the dispersive power of transparent 
substances, glass in particular, and therefore give re/ractwn spectra y 
but in modern scientific investigations the spectra are often produced 
by diffraction gratings. As this latter method gives regidar and 
strong dispersion, and is also entirely free from the absorption 
phenomena of glass, it has a great advantage, and is often the only 
possible method, especially in studying the infra-red and the ultra- 
violet |)arts of the spectrum. Photography is employed to study the 
ultra-violet rays, and it is also possible to render the ultra-violet rays 
visible by Jlmrescence. In the study of the infra red part of the 
spectrum, use is commonly m^ide of heat effects caused by these rays 
on th(} thennopile, bolometer, radiometer, etc. 

The following kinds of absorption are recognised : 

1. Absorption which steadily increases or decreases with the wave- 
huigth of light : unidatera! ahsoiptmi. As a rule the absorption in- 
creases with decreasing wave-length, Le. the violet end of the spectrum 
is absorbed more strongly than the red end. 

2. Absorption which exhibits a minimum in the spectrum, with 
regular increase on Imth sides of this minimum : In-lnteral atmrption. 

3. Absorption exhibiting shaded maxima ; the spectrum appears 
to bo crossed by ahsoiption hands, 

4. Absorption exhibiting sharply defined maxima; the spectrum 
appears to be crossed by ahsorption lines. 

This latter variety, which is altogether the most characteristic, is 
met in incandescent gases. 

Inasmuch as the absorption capacity of substances varies with the 
nature of the substimeo to such an extraordinaiy degree and in such 
a variety of ways, and beyoml all other properties, therefore both 
light absorption and light omission would appear to be primarily suited 
to give us some information regjirding molecular structure. But the 
results thus far obtained in this lino do not at all justify the anticipa- 
tions. We know of innumerable examples where very slight changes 
in molecular structure are associated with deep-seated changes in the 
capacity for absorption. But wo cannot infer a single generalis;ition 
regarding the laws jiccording to which this hapi)en8. Thus, for 
example, if we break up the unstable variety of nitrogen peroxide, 
N.jO^, by raising the temperature into a simpler molecule NO^,, we 
obtain a very slight change in the cliomical behaviour ; but the gas 
changes from a slight yellow to a dark reddish-brown ; this gas, when 
inter|)osed in the jwith of a bundle of light rays, gives a spectrum 
crossed by innumerable absorption lines. Also the absorption may 
vary strongly with unchanged molecular weights. Thus iodine, when 
dissolved in carbon disulphide, gives a violet colour ; in ether, a reddish- 
brown ; yet in both cases the iodine was shown, by the boiling-point 
method, to have the molecule I^,. Of course it is not impossible that 
the ditferent colours are ocaisioned by reaction with the solvent, i.e. 
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by forming compounds consisting of + n molecules of the solvent 
Moreover, the cases are not rare where, as in this Ccise, the absorption 
varies more or less strongly with the nature of the solvent Usually, 
but not alwfiys, the absorption bands advance towards the red, according 
lis the refractive power of the solvent incrtnises. 

Up to the present the most thorough study of absorption in solu- 
tion hiis been done in the case of organic comi>ouiuls ; here tliere were 
found certain remarkable regularities regarding the influence of sub- 
stitution on the position of the absorption bands.' 

According to this, the introduction of hydroxyl, methyl, hydroxy- 
methyl, carboxyl, phenyl, and the halogens occiisions a displacement 
towards the red ; the introduction of the nitro and amido groups, and 
also the addition of hydrogen, occasions a displacement towards the 
violet ; exceptions, however, occur. For reasons which will given 
i»i the following paragraph, the former group is designated as tfuflio- 
chromkj and the latter as Ityimhchromic. In the ease of all chemically 
related groups, the displacements increase with increasifig rnohrular 
weifjht of the radical intrp<luced : thus it is greater in the case of iotline 
than of bromine, and again greater in the case of phenyl thaji of methyl. 
Of the solvents used, concentrated .sulphuric acid gave the sharpest 
colour reactions. 

The Theory of Colouringf Substances. — Inasmuch as the colour 
of a s\d)stance depends, as is well kiiowii, upon its selective absorption, 
therefore, a.s has l)een shown by M. Schulz<*,- tin? regularities obscjrved 
regarding the absorption of light give opportunity for sonn^ interesting 
observations upon organic colouring matters. The mixture of all the 
colours of the sun’s spectrum appears to be white, because for every 
colour there i.s an CfjUally strong couiplewentary colour; and these two, 
when combined, produce in the eye the sensation of wliiteue.ss. There< 
fore, when any colour of the spectrum is cxtinguish(^d by a]).sorptiori, 
the substance, appear-s to have tljc colour of the complementary eimug' 
ing rays. The paired complementary colours are as follows : 

Violft (h‘«t*iiisli*yi‘Uow. 

Indigo Yullow. 

Cyaiiido blue -Orange. 

Iilni.sh-green — K«d. 

Green — Purple. 

Many colourless substances produce absorption bands in the violet. 
These banrls are displaced towards the less refrangible [red] en<i of the 
spectrum by the i?itroduction of batho-chrome groups ; by the entrance 
of l>ands into the visible part of the spectrum, v'udet will be first 

* G. Kniss and Oecoiioniides, fiei'. 16. 2051 (1883); Kniss, Her. 18. H20 
(ISS,*!) ; ZeUitrhr. fthys. Chrut, 2. 312 (1888); K. Koeh, llnv/. Anv. 32. 167 
(1^^^7) ; K. Vogel, ihid, 43. ■111>(1S9I); M. Sehiitze, Xritsdir. fthys. 9. 100 

(1802) ; G. Grelje, 10. 674 (1802) ; Hartley an<l Dobbie, Trans, Chrm, 1890 
j>. 640. Xdlsrhr. phys. (Jhem, 9. 100 (1892). 

2 B 
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absorbed, when the substiince will have a greenish-yellow hue. As the 
bands retreat regularly back towards the red, the colour of the 
substance will pass successively into yellow, orange, red, purple, and 
finally back up into violet, when the absorption bands pass from green 
into gteenish-yellow. Continued displacement in the same direction 
will cause the appearance of the colours indigo, cyanide blue, bluish- 
green, and when the bands pass into the infra-red spectrum, the body 
will again be colourless. 

This series of absorption colours, which is the simplest possible, is 
voiy rarely seen, because usually, before the one set of bands has 
jrassed down through the spectrum, another set appears in the violet 
end of the sirectrum, and of course there occur complications between 
these two sets. 

The introduction of “ hypso-chromic ” groups works in a way 
contrary to that of the batho-chromic groups ; the former produce an 
elevation of the “ tone colour,’' the latter a depression, whence their 
rirspective names. As the hypso-chrome groups are of exceptional 
occurrence, the following law may be stated :—the simplest colouring 
suhstitnc.es ore in the greenish-yellow and yellow^ and with increasing 
molecular weight the colour passes into orange, redy violet, hlm\ and green. 
In fact, this law was empirically discovered in 1871) by Nietzki ; it is 
by no means perfect, because disturbances arise from various sources — 
thus the very groups introduced to increase the molecular weight may 
hjive a spc^cific hypso-chrome action in displacing the bands towards 
the violet, or else complications may arise from the existence of 
several bauds in the region of the visible spectrum. 

One remark of Schiitze is very interesting, namely, that in the 
case of analogous elements an increase of atomic weight is attended by 
a deepening of colour ; a beautiful illustration of this is found in the 
series including colourless fluorine,^ yellowish-green chlorine, reddish 
bromine, and violet iodine. 

’J’ho heavy metals are also batho-chromic. According to A. Byk ^ 
complex copptir compounds always' exhibit absorption bands nearer the 
visible spectrum than the ultra violet absorption of the hydrogen com- 
poumls they are derived from. But it is only with aromatic bodies 
such as sjilicylic acid, which themselves absorb fairly long waves, that 
the corresponding absorption bands of their copper derivatives appear 
in the visible spectrum,, which becomes evident from the change of the 
blue copper colour into green. 

Now experience sho^vs that the colour of many organic colouring 
suhstaiicea is due to the presence of certain specific groups in the 
molecule ; thus the colour of the azo derivatives is due to the presence 
of the azo group ; it may be therefore^ assumed that these same groups 

^ Khiorino lias rccoiitly found l>y Moissan to have a light greenish -yellow 

colour similar to, but lighter than, that of chlorine. — T r. 

- Xeitschr. phys. Chem. 61. 1 (1907). 
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are responsible for the absorption of light in the molecule, and that 
the change of colour is due to the effect of the influence exerted by 
the group which is introduced on the group producing the colour. 

O. N. Witt,^ who first developed this view, called those groups 
which produce the colours chromophores. Inasmuch as their influence 
becomes greater the nearer spatially the group introduced is placed to 
the chromophore, this theory suggests an interesting method for 
determining the value of the influence of relative distance of the 
groups in the molecule, by means of spectroscopic investigation. In 
fact Schiitze, in his work to which repeated reference has been made, 
by the spectroscopic study of a number of azo colouring substances, 
showed that the distances of the atoms as given by the structure 
formulte corresponded, on the whole, to the distances evaluated in the 
way mentioned above. 

Interesting direct applications of the above theory were made by 
Wallach,2 who recognised the combinations 

C = OH.CO and C = CHCOCH = C 

as chromophores. All these considerations rest on the fundamental 
assumption that every molecule has a distinct absorption spectrum. Baly ^ 
has recently put forward the idea that tautomeric equilibrium (see Book III. 
Chapter V. par. “ Tautomerism ”) gives rise to specific absorption bands. He 
supports this by the observation (inter alia) that neither the enol nor the 
keto form of acetoacetic ester shows by itself an absorption band, but that 
under the conditions when a tautomeric equilibrium, i.e. a quick mutual 
transformation, exists, an absorption band appears. But the fact that no 
similar phenomena have yet been found to attend chemical equilibria make’s 
it more prolmble that the tautomeric change is accompanied, perhaps to a 
very small extent, by the formation of new molecular species, and these give 
rise to the absorption. 

Fluorescence. — According to the investigations of C. Liebermann ^ 
and R. Meyer, ^ the somewhat singular property of fluorescence is 
associated with the existence of certain atomic groups in the molecule, 
the flmrophores ; such groups are chiefly rings of six members, mostly 
heterocyclic, such as pyrine, azine, oxazine, and thioazine rings, and 
further atomic rings contained in anthracene and acridine. As in the 
case of colour the nature of the surrounding atomic groups influences 
the action of the fluorophores. For further details see the monograph 
by Henrich just referred to. 

Crystal Form. — The connection between crystal form and 
molecular structure has not been very thoroughly studied as yet, and 

I Her. 0. 622 (1876). ® OOtL Nachr., 1896, Heft 4. 

* See Henricli, Nemre tMoretische Amchauungen mif der Oebkte der orgauischm 
Chemie^ Braunschweig, 1908, p. 179. 

^ her. Id. 918 (1880). ® Zeitschr, phys. Chem. 24. 478 (1897). 
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the results thus far obtained are limited to some rules given by Groth ^ 
regarding the change in the ratio of the axes occasioned by the 
substitution of certain radiciils. This phenomenon in mineralogy is 
called nmpholrfyjuj. 

It has been alrca<ly stilted that optical isomerism is shown in the 
solid state by the contrasted right (irid left h^mihedral [or iptarUdiedral) 
crystal forms (pp. 80 and 363). This is doubtless due, like the optical 
rotatory power, to an asymmetric structure of the molecule. But such 
a development of planes may also occur when the structure of the 
molccuh; is not unsymmetricid ; in such cases it is highly probable that 
the molecules unite in an unsymmetrical way to build up the crystal. 
Ihimihedrism may, like the rotatory power of crystallised substances 
(p. 362), bo procluced in two entirely different ways, one of which, 
the chemical, refers to the method of ike amtngement of the atoms in the 
vwlenilr ; the other, the physical, to the airangement of the mokcules in 
the erjistal. Both conditions allow of spatial isomerism ; but by passing 
into the licpiid or gaseous state, the latter variety of isomerism is 
destroyed, while the former persists. 

Ihitgors given H(jinc intcrenting slntisties with regal'd to a law proposed 
by lUiys-liallot in 1846 tlmt the niinple chemical coinpouiidH lake for 
prclbiviuic a regular or hexagonal sljapc, that is, crystallist* in the mmider 


or 40 iiionatoruio suh.stani'i'H (oleiueiits) 
tin* re art' 


regular .... .^lO 

qiuuiratio .... Ti 

ln'xaginml .... .‘15 

rhoiiihi<‘ .... r» 

inoiim'Iinic . ... 5 

triclinic. . . . . 0 


or 20 totratoiuic sid)Htanccs tlierc are - 


regular .... .5 

(juadijitic .... r> 

hexagonal .... ^*5 

rhombic .... 50 

inonoc,lini<;. ... 5 

triclinic . . . . 0 


Tims : regular and hexagonal 85 all 
other sy.stcin.s 15 %. 


Tliu.s ; regular .and hcxji 


otiicr Hy.stems tiO %. 


gonal 40 


Of r>7 diatomic snlKstaiiccs 

regular 
([uadratie. 
hexagonal 
rhombic . 
iiionoclinic 
tricliiiie. . 


tloTc arc - I Of 50 |Hmtatomic suhstaneos there arc — 


08 ’5 i regular . . . . 1*2 

4 ’5 quatlratic . . . . G 

19 5 hexagonal .... 38 

3'0 rhombic .... 30 

4*5 momxilinic. ... 6 

0*0 triclinio .... 2 


Thus : ngular and hexagonal 88 %, all 
other systems 12 %. 


Thus ; regular and hexagonal 50 %, all 
other system.s 50 %. 


^ See Oroth. Kutlciftnu/ in dir chanischr beipr.ig, 1904. 

- Xdtschr. fdtys, (Vienu 14. 1 (1894). 
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Of 63 tria tonne substances tl»m» are — 


regular . 

. 42*0 

quadratic. 

. 19*0 

hexagonal 

. 11*0 

rliombie . 

. 23*5 

iiioiKKdiiiie 

30 

tricliiiie . 

1 -.5 


Thus; regular ainl hexagonal ;)3 %, all 
other systems 17 %. 


Of §73 jiolyatoniio inorgauie eom{Kniitds 
there are— 


regular . 

5*8 

quadratic . 

7-0 

hexagonal 

. M*i> 

rhombic . 

. *27*3 

nionoclinic 

. 37*3 

triclinic . 

8*0 


TliiKs ; regular ami hexagonal 20*1 , all 

other systems 711*0 


Of hSh organic substances there are— 


regular . 

2*5 

rhombic, . . . . 

33 0 

f|ua<lratie . 

.5*0 

monoclinic 

17*5 

lic.xagoiial 

1*0 

tricliuie . . . . 

7 0 

Tlius 

: regular and liexaguual (i*.5 

* , all other s^^tems 93*5 ]'!. 



AucorJilig to the theories of crysUil sl.rueture, there is a 
clniracteristic elementary parallelepiped for every kind of crysLil, the 
edges of which arc parallel to the fundamental edges of the crystal, 
ami are proportional j’n length to the crystal axes. The lengths of the 
axes of such elementary molecular structures, as wtdl as their ratios, 
are of significance. For example, it would 1 h‘ of groat interest to 
know their absolute values for a comparison of the crystalline forms 
of different chemical individuals. This is not yet possihh?, however ; 
hilt by taking into account the density of the crystals, it is pos.sil)le 
at atiy rate to refer the length of the edges of the elemoitlary 
parallelopipcds of different suhstancos to the same unit, if the plausihle 
assumption is made that the volume of the elementary parallelopipcd 
enclosing a molecule is proportional to the molccidar volume. For 
this purpose it is suflicioiit so to choose the values of the lengths of 
the axes, that the volume of the corresponding parallelopiped is eipial 
to the molecular volume of the compound in (juestiou. The values so 
obtained are called the tofdcal axial ratios, and were first introduced 
l)y F. Becke^ and W. Muthniaiin.^ 

With the help of the topical axial ratios, the small changes in the 
geometric constants of isomorphous crystals (see p. 173) can he 
referred to changes in the dimensions of the elementary parallclo* 
j)ipeds. Thus Tutton^ gives the following values for a scries of 
sulphates, v denoting the niolccular volume, and m the topical 
axial ratios : 

^ An:.eif/pr (/rr IVimer Akoilnnw^ 30, 204 flStlS). 

Xnischrift /«;* KristnV*»jrai(hie^ 22. 497 flH91;. 

^ Jt>urn. Sfn\ 06, 628 (1S94) j 09. 49.5 (1896). 



374 


THEORETICAL CHEMISTRY 


BK. n 



V 

1 X 

i 


1 

(tf 


04 *92 

4-464 

4 -491 

4-997 


73%‘16 

4*634 

4*664 

5-237 


84 ’64 

4*846 

4*885 

5*519 


t 


Further, (Jroth gives the followhig values for a series of 
IM)tas.siiun wilts : 



I V 

X 


1 

(O 1 

K 2 .SO 4 

64*92 

4-464 

4*491 

4-997 j 

K.AO4 

70*39 

4*600 ! 

4*647 

5 *088 ' 


1 71*71 

1 _ . ; 

4*636 

4*662 

1 

5*118 


It is evident from those tiibles that the substitution of metals of 
higher atomic weight in the first column of the ])crio(lic table, and of 
meUilloids in the sixth column, causes increases in ^11 three dimen- 
sions of the molecules. 

A knowledge of topical axial ratios also gives us an interesting 
idea of the molecular dimensions of substances, which cannot be 
classified as isoniorphous according to the above criteria (p. 172), and 
which therefore form morpliotropic scries in the narrow sense. Groth 
(A>r. lit, p. 32) gives the following data for tetra-alkylatcd ammonium 
iodides : 



NII4I. 

A 


1 1 

A 

1 N(0*2nr,)4>» { 


N(C.3lr)4l. 

j 

1 

[ 57*51 

51*19 

108*70 

,54-21 

162*91 

73*04 

‘235*95 

X“ 

3*860 

1*459 

5*319 

1-329 

6*648 

- 0*.55r) 

6*093 


! 3*860 

1*459 

5*319 

1*329 

1 6*648 

1*103 

7*8.51 

w — 

' 3*860 

-0*018 

3*842 

-C-15G 

3 686 

1**247 

4*933 


The elementary parallclopipcd of (N 11^)1 is a simple cube, as is 
ibown by the equality of the topical axial mtios. The substitution 
:)f methyl or ethyl converts this into an olementiuy ])arallelo])iped of 
the tetragonal system. The chief axis is neiirly unchanged, and the 
[)ther two are increased in the same ratio. This makes it probable 
that the four H atoms of ammonium iodide lie in a plane round the 

H 

I 

N atom, and that raethylation extends the plane IT- N — IT equally in 


N 
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CH, 


two directions at right angles to form CH, — N — CM.,, which forms 


CH, 

the chief plane of the tetragonal striictuiu 

When the longer propyl molecule is suhMtituted, however, the 
iirningement of the four alkyls in one plane is no longer j) 08 sihle ; the 
crystal becomes rhombic, ami the elementary j)iiralIeIopij>e(l, and 
conserjuently the molecule, is enlarged nnecpially in every direction. 


The Systemisation of the Physical Properties.— We will 
give in the concluding paragraph of this chapter a summary of its 
rather heterogeneous material. 

A large number of physical properties have b(*on shown to Ik? 
clearly additive, i.e, the value of the property in <jm‘Ktion cati be 
calculated as tliough the compound were such a mixture of its elements 
that tliey experience no change in their properties ; thus ur ran ral- 
culatr ilie properties of a compound from the properties (f its cotajHaa nfs in 
exactljf the same ivaj/ as was dime fur mam/ pro/u rfies uf the phf/siral mixture 
(p. 102). This, as already mentioned in a preci ding chapter (p. 170), 
is more clearly shown by the specific heat of solid salts than is the 
rule elsewhere ; hut there are many properties of organic compounds 
which are more or less clearly additive, as the volume, refraction, 
magnetism, heat of combustion, etc. Several of theses have this mm*h 
in common, that their numerical values are a measure if the space aetuatlij 
orrupied hy the molecule. Thus wc can infer from <juit(‘ dillcnuit soui ces, 
that the whime of a mulernte may he often ralndateit <tjpro.rimafely (fs the 
sn7)i of the volumes aetnalh/ otr\qned In/ the aUnns. 

In some wises the num<*rical values deduced f(>r the properties of 
the elements from their compounds coincide with the values actually 
shown by the elements in the free state ; thus this is the case for th(; 
specific heat of solid elements for the atomic volume and the atomic 
refraction of chlorine, hut not for the atomic refraction of oxygen. 
We have seen previously, in the case of isomorphic mixtures (p. 119), 
that in some cases the specific volume of a salt in a mixed crystal was 
the same as in the free state, but in other cases very different. 

Now the pro]»ertic8 of compounds arc no more strictly additive 
than those of physical mixtures ; with compounds the deviations from 
simple additive relations are, as a rule, much more ])ronouiiccd. 
This is not to he wondered at ; for the mutual influence of the pro- 
perties is much smaller in a simple mixture of the molecules^ resulting 
in a physical mixture, than when the atoms unite to form a chetuicji! 
camjmnxd. 

The kind of influence of the atom in a compound is primarily 



union, i.e. u}>oii the constitution and 



376 


THEORETICAL CHEMISTRY 


BK. II 


configuration of the compound. Those properties which are clearly 
influenced in this way (very exact measurements would probably show 
this to be true Of all properties) are called “ constitutive^'^ following the 
example of Ostwald,^ who has done such great service in the systemisa- 
tion of the physical properties. An excellent example of a strongly 
constitutive property is the absorption of light. Similar examples are 
found ill the optical activity, the. melting-point, etc. Moreover, our 
knowledge as to how far the influence of constitution is shown in 
certain cases varies with the different properties, but in general it is 
developed to only a slight degree. 

Moreover, it does not seem to me to be certainly established that 
the deviations from simple additive relations are to be ascribed to the 
influence of constitution alone. It is quite possible that the molecule 
as a whole may exert an influence upon these deviations, as is evidenced 
by many experiments with physical mixtures ; for, in addition to the 
forces which are active between the atoms, there are also forces active 
between the molecules, but the action of the latter may be eliminated 
by studying substM-nces in the gaseous state. 

A third species of properties depends neither upon the nature of 
the atom in the molecule, nor upon the mode of the union of the 
atoms, but only upon the sum total of the molecule. Properties of 
this kind, which are called ‘‘ colligative ” by Ostwald, we have considered 
in the chapter on the Determination of the Molecular Weight. Upon 
these properties are based the methods for ascertaining the relative 
weights of molecules.^ 

1 Ostwald, AIL Ohern,, 2ii(l ed. 1 . 1121 (1891). 

2 Additive properties give no foothold in dctenninijig the molecular weights, because, 
as sliowii ill the specific heats of solid salts, they are not affected by a change in the size 
of the molecule ; but constitutive properties sometimes do rentier accessory service in 
determiuiug the molecular weights. 



CHAPTER VII 


THE DISSOCIATION OF GASES 

Abnormal Vapour Densities. — In a preceding chapter (p. 269) we 
have considered the methods which enable us to determine the mole- 
cular weights of gaseous and of dissolved substances ; in this and the 
two following chapters a discussion will be given regarding some con- 
clusions which are necessitated by the experimental results obtained 
by the methods mentioned above. These conclusions deal with the 
molecular condition of gaseous and of dissolved substances. 

In some (not very numerous) cases, the results of measurements 
of vapour densities led to values for the molecular weights which 
were in glaring contradiction to those chemical formula which are 
probable from all analogies. Thus the vapour of ammonium chloride 
has a density about one-half as large as it should have if calculated 
from the formula NH^Cl ; that of ammonium carbamate has a value 
about one-third of what it should be if calculated from the formula 
NH 2 CO 2 NH 4 ; acetic acid, on the other hand, at lower temperatures, 
has a density considerably greater than that corresponding to the 
formula CHgCOgH. 

Now it could be supposed that, in spite of this unexpected 
behaviour, Avogadro's rule still holds good, and that the abnormal 
vapour densities were to be explained by abnormal molecular conditions. 
Thus, at almost the same time, Cannizzaro (1857), Kopp (1858), and 
Kekulc (1858) expressed the opinion that the low vapour densities 
must be ascribed to a more or less complete decomposition ; in fact, on 
the basis of this, Kopp succeeded in showing in many cases that the 
decrease of vapour density followed in accordance with the increase in 
the number of molecules resulting from the decomposition. Thus 
ammonium chloride has about only a little more than half its 
theoretically normal vapour density, because it is almost entirely 
decomposed into NH 3 + HCl ; and similarly ammonium carbamate only 
about a third of its vapour density, because it is decomposed into 
2 NH 3 -f Similarly, on the basis of this view, it must be 

concluded that acetic acid is partially polymerised, and that in 
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addition to the simple molecules, more complicated ones occur in 
greater quantity. 

This question, the importance of which was fully realised, was 
attacked in the most different ways, and soon an abundant collection 
of experimental data spoke overwhelmingly in favour of the 
applicability of Avogadro’s law even when the vapour densities were 
abnormal. Thus, in detail, it was not only shown that the gaseous 
decomposition products of the substances in question could be 
recognised by their special physical and chemical behaviour, but also 
that these ingredients could be at least partially separated from each 
other into the free state by means of diffusion. 

Dissociation. — The more or less complete dissociation of a mole- 
cule into its components or dissociation productsy we will call dissociationy 
following the usage of St. Claire Deville,^ to whom we are greatly 
indebted for his investigations on these phenomena, which are of 
fundamental importance for the conception of chemical processes. 

The thorough treatment of dissociation phenomena belongs to the 
department of the so-called “reversible” chemical reactions, and the 
theoretical derivation of the laws of dissociation forms a special case, 
and a very simple one, of the universal laws of reaction. These will 
be considered under the subjects of the doctrine of affinltyy and also 
of thermochemistry. Yet, nevertheless, in order to understand what 
follows, it is necessary to introduce some remarks on the dissociation 
of gases. 

The Extent of Dissociation. — Dissociation is a chemical re- 
action, and consists in separating a complex molecule into simpler 
ingredients, thus leading to a continual increase in the number of mole- 
cules. The pressure exerted on the walls of a vessel by a definite 
quantity of a gas, other things being equal, will be greater the greater 
the number of new molecular species produced from the original mole- 
cules, and the further the decomposition of the latter proceeds ; and 
also the density of the original gas must diminish in the same propor- 
tion, if it is not maintained at constant volume but at constant 
pressure. 

Let us denote by 8 the vapour density observed when no dissocia- 
tion occurs, and by A that actually observed ; then A must always be 
smaller than 8. Let the number of molecules into which the original 
molecules become decomposed be n ; thus in the dissociation of iodine 

vapour I, I I 

Hera n = 2 ; and in the case of ammonium carbamate, 

NH4CO . ONH2 - 2NH3 + COg, 

^ “ Sur la dissociation on la decomposition spontaiice de.s corps sous I’influence «le 
la chaleur,” Oompt. rend. 45 . 857 (1857). The term “thermolysis,” suggested by 
Fr. Mohr, has not come into extensive use. 
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II = 3. If the decomposition were complete, A would be the nth part 
of 8. In general A lies between 8 and 8/n. 

Let the dissociated part of the gas mass, or the extent of the dis- 
sociation amount to a ; then the undissociated part is 1 - a ; i,e, of 
100 molecules, lOOa are dissociated and produce lOOiia new mole- 
cules, while 100(1 -a) molecules remain undecomposed. Thereby 
the number of molecules is increased by dissociation from 

100 to lOOna + 100(1 - a) = 100[1 + (n - l)a], 
and the vapour density diminishes in the same proportion, viz. 

1 4- (n - l)a 8‘ 

The extent of the dissociation a is calculated, therefore, to be 

8-A 

“-(u-l)A- 

When A = 8/n, then the extent of the dissociation a - 1, and wo have 
complete dissociation ; but when A = 8, then a = 0, and no dissociation 
has occurred. 

According to experiment, the extent of dissociation varies with 
the temperature and the pressure. It increases with increasing tem- 
perature, and diminishes with increasing pressure. This is expressed 
by the statement that by lowering the temperature and increasing the 
pressure, the values of the vapour densities A and 8 are brought 
nearer together. 

The Physical Conduct of Dissociated Gases— Effusion.— If a 

gas which exists in a state of dissociation is allowed to escape (effuse) 
through a narrow opening into a vacuum, or into a space filled with 
an indifferent gas, then the velocity of the effusion will decrease as the 
density or the molecular weight of the gas increases. Moreover, theie 
occurs a partial separation of the products of dissociation, as the effusate 
will contain an excess of the lighter molecules, and the residue an 
excess of the heavier molecules. 

On this phenomenon is based the method by which Pebal ^ showed 
that ammonium chloride owes its diminished density to an extended 
dissociation into ammonia and hydrochloric acid. This method 
may be demonstrated in a lecture in the following simplified form 
given by Skraup.'^ Near the middle of a combustion tube of about 
10-12 mm. diameter, there is fastened an asbestos plug about 5 mm. 
thick. A piece of ammonium chloride is then placed at one side 
of the plug in the middle of the tube, and, in addition, a piece of 
litmus paper in each division of the tube. A blue piece is placed 

1 Lieb. Ann, 123 . 199 (1862). 

2 Exner’s m^erU d, phys. 21 . 601 (1884). 
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on the same side of the asbestos plug with the ammonium chloride, 
and a red piece on the other side. On heating the piece of ammonium 
chloride by a Bunsen burner, there occurs a change of colour in 
the inner ends of the litmus paper in both parts of the tube. This 
proves that the effusate reacts alkaline, while the residue reacts 
acid. The experiment should be interrupted in season, as the reaction 
is reversed after a little. 

Colour. — The physical properties of a mixture of any two gases 
are intermediate between those of the particular components, while the 
properties of a compound of two gases exhibit in many respects a deep- 
seated change, as shown for example in the absorption of light. Now, 
dissociation must cause the physical properties of gases to approach 
those of their components, and thus it is usually possible to draw some 
inference from the change in the physical properties of gases relative 
to the progress of dissociation. In this way Devillo observed that 
the colourless vapour of phosphorus pentachloride became distinctly 
green at higher temperatures. This is explained by a dissociation in 
the sense of the following equation : 

PCl, = PCl3 + Cl2, 

which is likewise in harmony with the vapour density determinations. 

An experiment which can be easily carried out consists in heating 
a Hask filled with nitrogen dioxide. This will become almost colour- 
loss by cooling, and then, on gentle heating, it will appear to be filled 
with a dark-brown vapour, which is again decolorised by cooling. In 
this case Salet ^ succeeded in showing, in a quantitative way, that the 
colour varied with the change in vapour density, and that it was 
entirely explained on the supposition that nitrogen dioxide consists of 
a mixture of colourless compound N 2 O 4 , and a brownish-red gas NOg, 
and that the latter molecular species increases with increasing tempera- 
ture at the expense of the former. 

Specific Heat. — The specific heat of a gfis, existing in a state 
of dissociation, is abnormally great. This is due to the fact that 
the heat introduced is used not only in raising the temperature, but 
also in effecting dissociation, which is attended with considerable 
absorption of heat. We are indebted to Berthelot and Ogier for 
measurements of this sort. These measurements were ma^le with 
nitrogen dioxide^ and acetic acid vapour.^ The molecular heat of 
nitrogen dioxide (referred to NO.^ = 46 g. and at constant pressure) at 
O'" is about 95 ’1 ; at 100° it is only about 39*1, while at 157° it falls 
to 7*1. At this latter temperature, where the dissociation is almost 

^ Gompt. rend. 67 . 488 (1868). 

Ihid. 04 . 916 ; BuU. Soc, Chim. 87 . 434 (1882). 

3 BvM. Soc. Chim. 38. 60 (1882). 
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complete, we find a value of the molecular heat which would naturally 
be expected from the size of the molecule. 

Gaseous acetic acid conducts itself in a similar way. In this case 
the investigators mentioned above found the following values for the 
molecular heat Cp at the respective temperatures : 

t“=129° 160'^ 200^ 240° 280° 

Cp= 90-1 76*2 57*0 38*2 28*5 g.-cal. 

Inasmuch as the degree of dissociation varies not only with the 
temperature, but also with the pressure, it is to be expected that the 
specific heat of those gases which are already in a state of dissocia- 
tion would vary considerably when compared with those gases which 
either are not at all dissociated, or only partly so, according to the 
pressure. 

Thermal Conductivity. — The kinetic theory allows of an interest- 
ing application of the thermal conductivity of gases in a state of dis- 
sociation. As we have already seen (p. 206), heat is carried through 
an ideal gas in the direction of the fall of temperature by equalisation 
of the mean kineti<5 energy of the molecules ; in gases in a state of 
dissociation a new factor enters. At the higher temperature the dis- 
sociation is more considerable than at the lower ; the result is that 
when, in consequence of the irregular heat movements, undissociated 
molecules pass into the hotter part of the gas, they partly decompose 
there ; conversely, when the products of dissociation come into the 
colder parts they partially recombine to form non-dissociated gas. 
But since dissociation is accompanied by absorption of heat and re- 
formation of undissociated molecules by generation of heat, the above 
described process furthers the equalisation of temperature between 
the two parts of the gas, that is, it cmsiderably increases the thermal 
conductivity. 

Actually Magnanini and Malagnini found that the thermal ^ con- 
ductivity of nitrogen dioxide in the dissociating state is more than 
three times as great as when the gas is completely dissociated. This 
appears to be a remarkable confirmation of the kinetic conception of 
matter. 

The quantity of heat transported in the form of heat of dissociation 
in a partially dissociated gas can be calculated if the amount of 
dissociated and undissociated molecules which pass through an area 
in the gas at right angles to the temperature gradient be known ; the 
quantity of heat in question is then proportional to the excess of un- 

^ Nu(mo Gim. 6. 352 (1897) ; later Magnanini and Zimino, Mem, Accid. Modena 
[3], 2. (1899). R. Goldschmidt has shown (“ Sitr les rapports entre la dissociation et la 
coiidnctibilitc theriniqne des gaz,” Thlse^ Brussel, 1902) that, in determining the thermal 
conductivity of gases, we possess a means of detecting dissociation at very high tempera- 
tures where measurement is har<lly possible otherwise. 
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dissociated molecules which travel in unit time against the tempera- 
ture gradient over the quantity that travels in the opposite direction.^ 

The Gondition of Dissociation. — The results given in this 
chapter show that the state of an ideal gas is realised only when there 
is no dissociation at all, or else when it is complete. In the first case 
we have a simple gas ; in the latter case a gas mixture, the properties 
of which are a combination of the properties of the components. The 
gas laws cease to hold good only in the case of 'partly dissociated gases, 
for here changes in the temperature and the pressure are associated 
with changes in the molecular condition, and the gases vary enormously 
in their behaviour, not only as regards tlieir compressibility and 
their expansion by heat, but also as regards all their other physical 
properties. 

This passage from the normal behaviour of a simple gas to 
another normal behaviour of a gas mixture is called passing to the 
state of dissociation. The laws of the state of dissociation will be con- 
sidered in the section devoted to the doctrine of affinity. Here we will 
only refer to the results of pure experiment. These show that those 
vapour densities which seemed to contradict Avogadro’s rule most 
decidedly are associated with very remarkable deviations in all their 
physical behaviour, and these deviations which at first seemed to con- 
tradict Avogadro’s rule really argue strongly in its favour, 

^ See Nernst, ,Iuhelband Boltzmann^ p. 904 (1904), for th(j (juantitative caluulation 
of the influence of dissociation on the thermal conductivity from the standpoint of the 
kinetic theory, and for the general theory of this phenomenon and others related to it. 
Stafford {Zeitschr. phys. Ohe.m, 77. 66 (1911)) has investigated the different steps in 
which sulphur vapour dissociates by measuring its thermal conductivity. 
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Dissociation in Solutions. — As already stated on p. 291, abnor- 
mal vapour densities are completely analogous to the aJ[)normal values 
of the osmotic pressure of dilute solutions observed in many cases. It 
is an immediate inference to explain these abnormal osmotic pressures, 
in the sense of van ’t HofF^s generalised form of Avogadro’s rule, in a 
similar way, namely, as being due to abnormal molecular conditions. 
This assumption almost amounts to a certainty from the fact that 
almost all the instances of dissociation which have been met with thus 
far in the case of gases are also observed if the particular gas is investi- 
gated, in a suitable solvent, at about the same temperature. Fmj 
often the abnormal vapour density of a substance is also found to cormpond 
to an abnormal value of its osmotic pressure. 

Let us suppose a molecule, existing in solution, to decompose into n 
new and smaller molecular species. These may consist of one or of 
several atoms, and may be similar or dissimilar. Let t^ denote the 
lowering of the freezing-point (or a value which is proportional to the 
osmotic pressure, as, for example, the lowering of the vapour pressure, 
the raising of the boiling-point, etc.) calculated from the molecular 
proportions of the substance in question, on the assumption that the 
dissolved substance is not at all dissociated ; and in accordance with 
this, let nto be the lowering of the freezing-point corresponding to 
complete dissociation. Then the value of t, as observed, will lie 
between these limiting values. An increase in the number of mole- 
cules, in the proportion of 1 : 1 -f- (n - l)a, will correspond to the 
degree of dissociation a. Therefore it follows that 

1 + (n - l)a = ^; 

and therefore ’ 

(n - 1)^0 

Numerous experimental investigations, for which we are par- 
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ticularly indebted not only to Raoult, but also to Beckmann^ and. 
Eykmann,^ have led to the result that it is usual to find substances 
in solution not existing as simple molecules, but in a state of dis- 
sociation. Thus the organic acids in benzene solution, as in the 
gaseous stiite, consist of double molecules, but these sei)arate into 
single ones on further dilution. Chloral hydrate in acetic acid, as in 
the gaseous state, decomposes partially into chloral and water, as is 
shown from the following table : 


m. 

t. 

a. 

0*266 

0*096 

0*62 

1-179 

0*385 

0*38 

• 2-447 

0*765 

0*31 

4-900 

j 1*460 

0*26 



1 _ _ 

- - 


Here m denotes the number of grams of chloral hydrate dissolved in 
100 g. of acetic acid. The lowering of the freezing-point t^, which 
would be observed in the normal behaviour of chloral hydrate, is 
calculated from the formula given on p. 148 — 


= 39 


m 

165*5‘ 


Here 39 denotes the molecular depression of acetic acid, and 165‘5 
the molecular weight of the undissociated chloral hydrate. The degree 
of dissociation, given in the third column of the preceding table, is 
calculated from the formula 


It is obvious that, with increasing concentration, this becomes smaller ; 
and that, conversely, with decreasing concentration, it converges 
towards a value of one. At a high degree of concentration the 
behaviour of the solution would approach that of an ideal one, pro- 
vided that certain discrepancies did not occur, independently of dissocia- 
tion, at high degrees of concentration. At a high degree of dilution 
there would be a mixture of the two substances, water and chloral, 
which would perfectly obey the laws of ideal solutions, while between 
these extremes a state of dissociation exists. 


Aqueous Solutions. — It was a striking fact that abnormal values 
of the osmotic pressure were very often found in the case of water 

1 Zeitschr. phya. Cheftn, 2, 715 (1888) ; 6. 437 (1890). 

2 Ihid. 4. 497 (1889). 
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solutions. All the methods of measuring the osmotic pressure led, 
with quantitative coincidence, to this result : that it is much greater 
for acids, bases, and salts in water solution than it should be if calculated 
from the molecular weights of the respective substances, either in the 
gaseous state or in other solvents than water. If we assume that the 
Avogadro-van ’t Hoff law holds good here, we are forced to the 
unavoidable conclusion that these substances, when dissolved in water, 
are in a peculiar molecular condition, and must he dissociated to a greater 
or less degree. 

But one of the first difficulties here consists in answering the 
question. What are the products of the dissociation? Such a sub- 
stance as hydrochloric acid, for instance, undoubtedly has, as a gas, 
a molecular weight corresponding to the formula HCl. But inasmuch 
as the lowering of the freezing-point, in water solution, is almost 
twice as great as that which should correspond to that molecular 
formula, the original molecule, when dissolved, must be separated into 
two new ones, i.e. HCl must be dissociated into H and Cl. Both of 
these dissociation products are such that we cannot recognise them 
in any other way. At ordinary temperatures hydrogen and chlorine 
are known to us as Hg and Clg respectively : if we boil a water 
solution of hydrochloric acid, we obtain HCl to be sure, but no free 
hydrogen or free chlorine. So an assumption like that mentioned 
above appears, at first glance, very improbable ; and there would be 
some difficulty in understanding it if the same assumption were not 
shown to be necessarily true from an entirely different aspect, and if 
we did not have, at the same time, more detailed explanations 
regarding the nature of the dissociation products of salts, acids, and 
bases, in water solution. 

In the case of salts one would at once think of separation into 
the acid and the base, and thus explain their great osmotic pressure : 
in fact, we will consider later this so-called “ hydrolytic dissociation ” ; 
but it is not possible to consider it such a common phenomenon as 
the abnormal pressures are, because salts can be separated, by diffusion, 
into the respective acids and bases in only a very few cases. For, 
disregarding for the moment many other reasons which contradict 
such a method of explanation, and to which we will return later, this 
assumption fails utterly in the case of acids and bases, which, as well 
as salts, show abnormal osmotic pressures. Therefore we are forced 
to seek another explanation. 

Now it happens that those substances, and only those substances, which 
can conduct the galvanic current in vMter solution, i.e. the electrolytes, are 
the ones which exhibit osimtic pressures very much greater than those which are 
calculated for their concentration and their molecular weight in the gaseous 
state; and, moreover, if the same substances, when dissolved in other 
solvents, are unable to conduct electricity in any marked degree, then they also 
lose their abnormal behaviour. Thus we are forced to the view that, if 
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dissociation actually takes place, it is intimately connected with the 
conduction of electricity by electrolytes. 

Electrolytic Conduction. — Let us try to frame a mental image 
of electrolytic conduction. It is a well-known fact that, in contrast 
to the metallic conduction of electricity, it is associated with a trans- 
portation of matter ; and, moreover, that the passage of the galvanic 
stream from the metallic electrode into the solution is, according to 
circumstances, either associated with the solution of the metal, or else 
with the separation of the substance in the solution and its deposition 
on the electrode. 

Thus, if we introduce gaseous hydrochloric acid between the 
platinum electrodes of a galvanic battery, no appreciable transference 
of electricity occurs; neither is there any transference of electricity 
if we introcluce very 'pure water between the poles ; but the electricity 
passes readily if the poles are introduced into water containing 
hydrochloric acid. Thus, it is fair to suppose that the hydrochloric 
acid, which is dissolved in water, is in a molecular condition different 
from that in the gaseous state ; because in the one case it can conduct 
electricity, but not in the other. The following picture is both 
clear and simple in attempting to account for the definite conception 
entertained. 

When a current passes through the solution, free chlorine is 
separated at the anode, where the current enters the solution ; and 
free hydrogen at the cathode, where it leaves the solution : one com- 
ponent of the electrolyte “wanders^’ in one direction, the other in 
the other direction. This is explained most simply by supposing 
that the electrolytes consist of different parts which are oppositely 
polarised, Le. of molecules charged respectively as electro-positive and 
electro-negative. These parts, after the usage introduced into science 
by Faraday, are called “ ions.^^ According to this view, in the solu- 
tion, the galvanic current consists in the passage of the positively 
charged ions, the ** cations,'^ in one direction, and in the passage of the 
negatively charged ions, the ‘^anions,'* in the other direction. The 
passage of positive electricity from the [one] electrode into the solution 
is accordingly associated with a separation of anions ; and the passage 
of positive electricity out of the solution into the [other] electrode 
is associated with a separation of cations. 

The capacity of dissolved substances to conduct the electric 
current thus assumes a decomposition into positively and negatively 
charged molecules, which we will call ^^electrolytic dissociation,^*'^ Of 
course it is not necessary for the decomposition to be complete, for in 
addition to the electrolytically dissociated molecules, there may also 

^ The expression ionisation'^ sometimes used should rather be reserved for the 
formation of ions in gases produced by the action of Rontgen rays and the like (see 
Chap. IX. of this Book). 
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exist in the solution undecomposed molecules, which are electrically 
neutral. 

Only the former are instrumental in current conduction, and it is 
apparent, other things being equal, that a solution will have a greater 
conductivity, or a less resistance, the larger the fraction of the 
electrolytically dissociated molecules in the solution. Cane sugar, . 
when dissolved in water, does not conduct electricity noticeably ; 
therefore it must consist entirely, or at least almost entirely, of 
uncleaved molecules which are electrically neutral. On the other 
hand, hydrochloric acid is a good conductor of electricity; and 
therefore the gas which has been absorbed by 
water must have attained a high degree of 
electrolytic dissociation. 

On the basis of these preceding remarks, 
we will now attempt to draw a picture of the 
mechanism of electrolytic conduction. Let 
there be a water solution of hydrochloric acid 
between two platinum plates (Fig. 35). These 
two platinum electrodes are in connection 
with a source of electricity, as, for example, 
with a galvanic battery. The first result of this 
is that the platinum plate, which is connected 
with the positively conducting pole, becomes charged with positive 
electricity, and the other becomes charged with negative electricity. 

As a result of these charges, the free electricities of the electrodes 
will exert an electrostatic attraction or repulsion on the free ions in 
the solution, which are charged with free electricity ; the positive 
ions will be attracted by the negative electricity of the cathode, 
and will be repelled by the positive electricity of the anode ; thus 
a force will be developed, acting in the direction of the arrows. 
The reverse of this will happen in the case of the negative ions ; 
and thus there will be developed a force in the opposite direction. 
No force of this sort will be exerted upon the electrically neutral 
molecules. 

As a result of this electrical attraction and repulsion, there results 
a displacement of the free ions in the solution, whereby the positive 
ions wander from the anode to the cathode, and the negative ions in 
the opposite direction. This wandering [o?- migration of the ions 
represents to us that which we call an electric current in an electrolyte. 

The Free Ions. — It now remains to determine the material 
nature of the ions and of the electrically neutral molecule. In the 
electrolysis of hydrochloric acid, free hydrogen is separated at the 
cathode and free chlorine at the anode : therefore the former must 
be positively charged, the latter negatively. Thus we arrive at the 
result that hydrochloric acid, when dissolved in water, must be 
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dissociated into positively charged hydrogen ions and negatively 
charged chlorine ions. Of course we must regard the imdissociated 
hydrochloric acid molecules as being electrically neutral. A similar 
inference must of course be diawn for all other electrolytes. 

We may learn something about the molecular dimensions of the 
ions, and about the degree of electrolytic dissociation, by the aid of 
principles developed previously. 

The osmotic pressure in a dilute solution of hydrochloric acid, as 
shown by the quantitative coincidence of results obtained in different 
ways, is almost twice as great as that corresponding to its gaseous 
molecular weight ; therefore two new molecules must result from the 
solution of one in water. This means nothing else than that the 
electrolytic dissociation is almost complete ; thus — 

HCl = H + Ci. 

The ions of hydrochloric acid are thus monatomic. 

Now, since two opposite kinds of electricity are produced in 
equivalent quantities by this cleavage, the positive charge of the 
hydrogen must be exactly as great as the negative charge of the 
chlorine, i,e, an atom of hydrogen and an atom of chlorine are electrically 
equivalent. An important conclusion follows from this. If a definite 
quantity of electricity passes through our electrolytic cell, then 
electrically equivalent quantities of the ions must separate out on 
the two electrodes ; for otherwise there would occur an enormous 
accumulation of free electricity in the circuit, which is impossible. 
Thus hydrogen and chlorine must be set free, at the electrodes, in 
equivalent electrical quantities, or, what amounts to the same thing, 
in e<juivalent chemical quantities. 

Now if we put into the same electric circuit a cell filled with 
hydrobromic acid, then on the cathodes of the two electrolytic cells 
the same quantities of hydrogen will be set free ; and on the respective 
anodes there will be set free equivalent quantities of chlorine and 
bromine. And in general it may be said that chemically equivalent 
quantities of the most various ions are set free from the most various solutions 
by the same quantity of electri(^ current. 

As is well known, this statement is most completely substantiated 
by experience ; it is simply the fundamental law of electrolysis, 
advanced by Faraday and demonstrated most exactly by experiment. 

Those ions which are charged with the same equivalent quantities 
of electricity as the hydrogen ion, the chlorine ion, etc., are called 
univalent ; those ions which are charged respectively with a twofold, or 
a threefold, etc., quantity of electricity are called divalent, trivalent, etc. 

Thus sulphuric acid, for instance, in dilute solution, exhibits an 
osmotic pressure which is th'ee times as great as that which should 
correspond to its concentration, and to the molecular formula H2SO4 : 
this means simply that, under these circumstances, three new molecules 
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have been produced from one ; and that an almost complete dissociation 
has occurred, in the sense of the following equation : 

+ + = 

H 2 S 04 = H + H + S 04 . 

The negative ion, SO4, must be as heavily charged as the two positive 
ions together, i.e, with twice as great a quantity of electricity as a 

hydrogen ion ; this is indicated by a double dash (SO^), 

Accordingly we call the SO^ a divalent ion, and sulphuric acid a 
di-basic acid ; and in general we call an acid which produces n hydrogen 
atoms, by complete dissociation, n-basic. 

The radical hydroxyl (hydroxyl ion) OH, which has a negative 
charge, is a univalent ion ; it is produced by the electrolytic dissocia- 
tion of water, which happens to only a very slight degree under 
ordinary circumstances, thus — 

and also in the dissociation of bases, as sodium hydroxide, e.g . — 
NaOH = Na + OH. 

Those bases, the molecules of which, like the preceding, give only one 
hydroxyl ion on ionisation as above, are called wonacid ; those bases 
which, like barium hydroxide, produce two hydroxyl ions, are called 
di-acid^ etc. ; thus 

Ba(OH)2 = Ba + 6H + OH. 

It is very remarkable that similar ions may have very different 
charges, even in the same solution; thus the iron ion, produced by 
the dissociation of ferrous chloride, is divalent, thus — 

FeCl2 = Fe + Cl + ci, 

while the iron ion, produced by the dissociation of ferric chloride, is 
trivalent, thus — 

FeCl3=Ve + Cl + G^l + Cl. 

Thus we see that the electric value of an element is by no means a 
constant 2>roperty, but may vary by leaps in certain cases. It is possible 
that a thorough investigation of this change in the electrical value of 
certain elements might prove the starting-point for a deeper insight 
into the reason for the change in valence, and into the nature of 
valence.^ 

In the manner just described, it is usually possible to answer the 
question regarding the nature and value of the ions quite certainly, 

^ In this connection see the paragraph on “The Variability of Chemical Valence” 
(p. 307 ).— Tr. 
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by combining the results of the determination of the molecular weight 
and of the conductivity. 

Moreover, 'the chemical behaviour of solutions usually yields im- 
portant information on this point (see Chap. IV. of the Third Book). 

The Determination of the Degree of Electrolytic Dissocia- 
tion. — It is not only important to answer the question regarding the 
nature of the ions, but also another question, namely, how far the 
decomposition of the electrically neutral molecules in the solution has 
proceeded. Therefore a knowledge of the degree of dissociation of an 
electrolyte is of great significance, inasmuch as many other properties, 
besides the conductivity and the osmotic pressure, depend upon the 
extent of the electrolytic dissociation ; and especially is this true of 
the sluire of the dissolved substances in chemical reactions : a thorough 
reference will be made to this point under the subject of the doctrine 
of affinity. 

The degree of dissociation, or the value of the coefficient of 
dissociation, by which is meant the ratio of the dissociated molecules 
to the whole number of molecules, can bo directly obtained in 
two independent ways : from the osmotic pressure and from the 
conductivity. 

The first method is, of course, exactly similar to that by which 
the ordinary {i.e. the non -electrolytic) dissociation in solution is 
determined (p. 379). Thus if denotes the osmotic pressure, as 
calculated from the gas laws without reference to dissociation, and if 
P denotes that actually observed, then it will follow that 

where a denotes the degree of electrolytic dissociation and n the 
number of ions into which one molecule dissociates. Instead of the 
ratio of the respective osmotic pressures, we may, of course, use the 
relative depressions of the freezing-point, or of the vapour pressure. 

Another way is given by the determination of the electrical 
conductivity; this can be easily and exactly done by the method 
proposed by F. Kohlrausch.^ A full description of this method, so 
commonly used in the laboratory, need hardly be given here. It need 
only be mentioned that this method depends upon the use of Wheat- 
stone’s bridge ; and that instead of a constant current, an alternating 
current produced by an induction coil is used, whereby the dis- 
turbing effect of polarisation is eliminated; and that instead of a 
galvanometer, as a current indicator, use is made of a telephone which 
IS sensitive to the alternating current. 

The unit of coxiductivity now adopted is that of a body of which 

1 This method is found in F. Kohlrausch, Lehrh. d. prakt. Physik, 9. Aufl. S. 409 ; 
see further Ostwald, Physiko-chem. Messungen^ 1902, p. 395 ; and es})ecially 

Kohlrausch and Holborn, Leitvennogen der Klektrolyte^ Leipzig, 1898. 
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a column 1 cm, long and 1 cm,^ in cross-section has a resistance of 1 ohm. 
If, therefore, a body of this size possesses a resistance w, it has a 
conductivity k : 

1 

K = —. 

W 

The conductivity of an electrolyte divided by its concentration 
( =: number of g-equivalents in cm.^) is called the molecular con- 
ductivity A — 



Formerly the conductivity of mercury at 0“ was adopted as the unit 
of conductivity; in the above measure it is 10,630, hence the conductivity 
in terms of mercury 

k= 

10,630 

Similarly the molecular conductivity A was formerly defined as 



where c= lOOOry, that is, expresses the normality. 

Now, according to the statements on p. 387, the conductivity is 
proportional to the number of free ions, i,e, it is proportional to the 
product a?/, and therefore it is directly proportional to the degree of 
dissociation, a itself. That is, we may put 

A = Ka, 

while K is a proportional factor. For very great dilution the electro- 
lytic dissociation becomes complete, that is, a = 1 ; if the molecular 
conductivity measured for suflftciently great dilution be written Aoo , we 
simply get 

Aoo =K and a = t 

Aoo 

The following table gives the molecular conductivities obtained by 
Kohlrausch ^ for various dilutions of potassium chloride at 1 S'" : 

KCl. 


c-TOOOtj ‘ 

A. 

a. 

C=r:10007,. 

A. 

a. 

1*0» 

98-2 

0*748 

0*005 

124*6 

0*950 

0*5 

102*3 

0*780 

0*001 

127*6 

0-973 

0*1 

111*9 

0*853 

0*0005 

128*3 

0-978 

0*03 

118*3 

0*902 

0*0001 

129*5 

0-987 

0*01 

122*5 

0-934 

1 

o6' 

131*2 

1-000 


Aoo =131*2. 


' Wied. Ann. 26 . 161 (1886); Leitvermiigen^ etc., p. 169. 
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It may be remarked here that the change of the conductivity 
with the concentration from 0*1 normal downwards is very nearly the 
same for all salts made up by combination of univalent radicals, Le, 
that in equivalent solutions these salts are dissociated nearly equally strongly. 
Therefore the value of a in the preceding table can be used to calculate 
the degree of dissociation of almost all these salts, e.g, NaCl, LiN03, 
CH3CO2NH4, etc. 

The combination of these two methods for the determination of a 
gives 


a 


A _ P-Pq 

Aoo (n-l)P; 


This law was established by Arrhenius,^ who was the first to develop 
clearly the hypothesis of electrolytic dissociation; it unites the 
abnormal values of the osmotic pressure of electrolytes with the 
changes of conductivity with varying concentration. The law has 
been well established not only by the preliminary calculation of the 
available material by Arrhenius, but also by its subsequent more exact 
proof.2 The following table will serve as an illustration; here are 
given the values of the factor 1 + (n ~ l)a, Le, the ratio in which the 
number of molecules is increased by dissociation; under column I. 
are given the results according to the plasmolytic method (p. 131); 
under 11. the results according to the freezing-point method; and 
under III. the results according to the method of conductivity. 


Substanco. 


c. 

l+(n-l)a. 

n. 


n. 

iir. 



Cane sugar . 

0 

0*3 

1-00 

1-00 

1-00 

CH,CO,U . 

2 

0*33 


1-04 

101 

KCi . 

2 

0*14 

1 -8] 

1-93 

1-86 

LiCl . 

2 

0 13 

1-92 

1-94 

1-84 

MgS 04 . 

2 

0-38 

1-25 

1-20 

1-35 

CaN,0, . 

3 

0-18 

2-48 

2-47 

2-46 

SrCh, . 

3 

0-18 

2-69 

2-52 

2-51 

K4Fe0y« . . 

5 

0-356 

3-09 


3-07 


Hittorf s Transport Numbers and Kohlrausch’s Law of the 
Independent Migration of Ions.— On turning back to consider 
the mechanism of electric conduction, the question at once arises as to 
the velocity with which the ions are transported through the solution, 
at a given difference of potential between the electrodes, and with 
given dimensions of the electrolytic cell. The magnitude of the force 

^ Zeitschr, phys. Ckeni, 1. 631 (1887). 

Arrhenius, Zeitschr. phys. Ghem. 2. 491 (1888) ; van ’t Hofl* and Reicher, 
ibid. 3. 198 (1889). 
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acting on the ions, and depending upon the charges of the electrodes, 
other things being equal, is of course equally great for all univalent 
ions ; and, moreover, the pull exerted upon the positive ions in the 
direction of the current is just exactly as strong as the pull exerted 
upon the negative ions in the opposite direction ; and of course the 
force which drives n-valent ions is n-fold as great. 

But the frictional resistance of the different ions will vary with their 
varying nature. It may be predicted, with a large degree of proba- 
bility, that this frictional resistance will be very great ; for, if we notice 
how slowly a fine precipitate in water sinks to the bottom, and that it 
requires more time the finer the precipitate is — then it follows that 
such extraordinarily fine particles as the ions are would require an 
enormous force to transport them through the solution with any notice- 
able velocity. On this assumption^ which will he justified later, we may 
regard the ions as points of mass with very great friction (p. 13), and there- 
fore set their velocity proportional to the forces acting on them. But as the 
intensity of current is proportional to the velocity at which the ions 
travel in the solvent, it is proportional to the electromotive force, that 
is, Ohm^s Law holds. 

It appears from equation 7, p. 14, that force and velocity are not propor- 
tional at the first uioment, but on account of the very large friction this 
initial stage is not accessible to experimental proof (see Cohn).^ 

The term frictional resistance will be understood as meaning that 
force — expressed, e.g. in kilogram weights — which will be required to 
drive 1 g.-ion, i.e. the molecular weight of the ion expressed in grains, 
against the solvent, with a velocity of 1 cm. per sec. ; and the term 
mobility or velocity of transport will mean the reciprocal of this force, i.e. 
the velocity with which 1 g.-ion will be transported under the influence 
of a pull of 1, e.g. 1 kilogram weight. 

Now, for the sake of simplicity, let us consider a binary electrolyte, 
i.e. one composed of two univalent ions, and let us suppose that the 
quantity of electricity, E, is sent through the electrolytic cell. Then 
transference of ions occurs so that the positive ones are carried 
‘‘ in the direction of the current ” through the solvent, and the nega- 
tive ones in the opposite direction. If we take a cross-section through 
the electrolytic cell, at any selected place, at right angles to the current, 
then the electricity conveyed by the positive ions in the direction of 
the current, plus that conveyed by the negative atoms in the opposite 
direction, is equal to E. 

Now if we denote the mobility of the positive and negative ions 
by U and Y, then their respective velocities will be in the same ratio 
as their mobilities ; since they are, at every instant of the passage of 
electricity, under the influence of the same forces. The transport of a 

1 Wied. Ann. 38. 217 (1889). 
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quantity of electricity, E, occurs therefore in this way : in the direction 
of the current, there ‘‘ wander ” 

^ u ... 

E y positive ions, 

and in the opposite direction 

V 

E ^ - y negative ions. 

Now at the cathode, E equivalents of + electricity separate in the 
form of positive ions ; and these disappear from the solution, and are 
precipitated, as gas or metal, on the electrode (of course in an electric- 
ally neutral state) : E ^j~y ions have thus passed by the “ ionic 

migration.” Moreover, at the close of the experiment, there will be 
found a diminution of concentration in the solution in the neighbour- 

V 

hood of the cathode, corresponding to the removal of E ^ cations ; 

or, according to what has preceded, to the removal of the same 
quantity of negative ions by the wandering [in the opposite direction], 

V 

and therefore corresponding to E y^y equivalents of the electrolyte. 
In a precisely analogous way it follows that the liquid in the neigh- 
bourhood of the anode must lose E equivalents of electrolyte. 

Now it is usually the case that the separated quantities of anion 
and cation respectively react, in a secondary way, either upon the 
solution or upon the metal of the electrode. Thus, by the electrolysis 
of potassium chloride, the metallic potassium, which is deposited upon 
the cathode by the passage of the quantity of electricity E through 
the cell, does not remain there as such : but, as is well known, it 
reacts upon the solvent, forming potassium hydroxide and hydrogen. 
If we electrolyse silver nitrate between silver electrodes, there does 
not result an accumulation of the free radical NO3, equivalent to E, at 
the anode, but this rcjicts with the metal of the electrode forming the 
equivalent quantity of silver nitrate. Therefore the variations in 
concentration in the neighbourhood of the electrodes are changed in 
a corresponding way, to be sure, but in such a way that it can be 
easily calculated in each particular case. 

For the thorough study of these changes in concentration produced 
by the wandering of the ions, and also for their theoretical interpreta- 
tion in the sense given above, we are indebted to Hittorf.^ His work 
is of fundamental importance, both in framing a conception of electro- 
lysis and also in the theory of solutions. Following the usage of 

1 Poffg!. A nn. 89. 177 ; 08, 1 ; 103. 1 ; 106. 337 (1863-69) ; see also Ostwald’s 
Classiker^ Nos. 21 and 23. 
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Hifctorf, we will designate the following ratios, which can he deter- 
mined directly by experiment, as the transport values of the cations and 
anions respectively, viz. 


n 


U 

U + V 


and 1 - n = 


V 

U + V 


In practice it is often * possible to decide upon the nature of the 
ions by measurements of migration velocities, especially in the case 
of complex molecules. 

The discovery of the relation between the conductivity and trans- 
port numbers was made by Friedrich Kohlrausch : ^ we will proceed 
to derive it by the consideration of electrolytic dissociation. 

The conductivity of a solution of a binary electtolyte is greater in 
accordance as it contains more free ions, and according as these have 
a greater mobility ; and since the particular quantities of electricity 
transported by the anion and cation are directly proportional to their 
mobility, therefore the conductivity must be proportional to their 
sum j that is, the specific conductivity /c of a solution; which contains 
7/ mols of the electrolyte in a c.cm, must be 

ic = a7;F(U + V), 

where a denotes the degree of dissociation at the respective concentra- 
tion. F is a proportional factor, depending on the system of units 
chosen. By making 

u = FU andv = FV, 

we obtain 

K = a7/(u + v) ; 

or, writing for ^ the molecular conductivity A, 

A - (u + v)a. 

At very great dilution a = 1 ; then by noticing that u and v are pro- 
portional to the magnitudes U and V introduced above, we obtain the 
three equations, 

Aoo=u + v; u = nAoo; v = (l-n)Aoo. 

These express Kohlrausch’s law of the independent wandering of the 
ions. They state primarily that the molecular coiiductivity of a Unary 
electrolyte is equal to the sum of the conductivities of the two ionsy i.e. that it 
is an additive property , further, that there exists between the con- 
ductivity and the transport values an intimate relation, such, that if 
the transport value of one electrolyte is known, the transport values 
of the other electrolytes can be calculated from the respective 
conductivities. 

These rules hold good for those electrolytes which are completely 
1 Wied. Ann. 6 . 1 ( 1879 ) ; 26 . 161 ( 1885 ). 
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dissociated, but they likewise apply to the comparison of electrolytes 
existing in the same state of dissociation, as one can easily convince 
oneself. When Kohlrausch developed his law, the difference between 
the conducting molecules the free ions) and the inactive molecules 
of an electrolyte was not recognised ; and Kohlrausch, on proving his 
law by means of the conductivities measured by himself and the 
transport values obtained earlier by Hittorf, found good coincidence 
in all cases between calculation and experiment, when he compared 
electrolytes in the same degree of dissociation, but otherwise he found 
decided deviations. Arrhenius first showed that Kohlrausch ’s law 
must necessarily fail when electrolytes are compared which are 
dissociated to different degrees, as is obvious from the deduction given 
above. 

Soon afterwards an experimental investigation^ was especially 
directed to this point. The conductivity and transport values of dilute 
silver salts were measured, and it was shown that Kohlrausch’s rela- 
tion between the conductivity and the transport values was strictly 
accurate when the tw'o values refer to electrolytes which are completely 
dissociated. 

The following table gives the molecular conductivity for a number 
of ions — the values are referred to a temperature of IB"" : 


K 

Nn 4 

Na 

Li 

Ag 

II 



11 = 65 *3 

64*2 

44*4 

35*5 

55*7 

318 



Cl 

Hr 

I 

NO 3 

CIO 3 

CO 2 H 

CjHA 

OH 

v-=65*9 

66*7 

66*7 

60-8 

56*5 

46 

33-7 

174 


Thus from the preceding table the molecular conductivity of 
potassium chloride, e,g, is 131*2 at infinite dilution; and its transport 
value is calculated to be 0*50 ; while the respective values obtained 
by experiment are 131 and 0*51. 

The great practical value of this law consists in the fact that we 
may calculate guile certainly the limiting value of the molecular conductivity of 
those electrolytes at infinite dilution^ in the cases of which we cannot reach the 
limit by experiment. Thus wo can obtain the limititig value of the 
potassium chloride quite certainly by extrapolation (p. 391); but this 
is not the case with ammonia, as is shown by the following figures : 

Conocntriition . . . =1*0 0*1 O'Ol 0 -001 g. equivalents ]»er litre. 

Mol. eondnetivity of NH^ . —0*89 3*3 9*6 28 

At dilutions when measurement begins to become very uncertain, 
ammonia falls too far short of complete dissociation to enable us to 
assume a constant molecular conductivity. But from Kohlrausch’s 
law Ave can calculate, Avith full certainty, the limiting value of the 
molecular conductivity of ammonia (ammonium hydroxide = NH^ + t)H) 
at infinite dilution, by means of the mobility of the tAvo ions, thus — 

Aoo = 64*2 + 174 = 238*2. 

^ M. Loeb and W. Neriist, ZeUsc.hr. phys. Chem. 2 . 948 (1888). Cf. F. Kohl- 
rauscli, Zeitschr. f. Elektrocheniie 13 . 333 (1907). 
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Thus the conception that those salts which conduct the galvanic 
current when they are dissolved in water are more or less dissociated 
into their ions, is seen to he supported in every respect, both by the 
phenomena and by the laws of electrolysis ; moreover, the law of 
Avogadro, which has been applied by van ’t Hoff to solutions, can bo 
also shown to meet the requirements fully in the case of electrolytea 

Ionic Mobility and Temperature Coefficient. — Ionic mobilities 
increase about 1*5 to 2*7 per cent per degree rise of tempemture ; the 
temperature coefficient is smaller the greater the mobility, so that the 
differences between the mobilities of different ions tend to diminish 
with rising temperature. Kohlraiisch ^ has expressed the relation 
between the migration velocity (u) of an ion, and its tempeniturc 
coefficient (a) by means of the equation : 

« = 0-0136 + . (1) 

18*5 + u ^ ' 

It is more simple to make use of a logarithmic formula : 

logu + 0*207 * ■ ’ 

The (quadratic equation 

a = 0-0134 + 0-640 -C-940 (3) 

also gives good results. 

It has not yet been found possible to give any of these formula} a 
theoretical interpretation; a only changes slightly (from 002G5 to 
0*0154), and this is probably Avhy all three equations — in spite of the 
difference between them — give results which agree well with observa- 
tion. The following table shows this : 



Ul8 

ai8 Obs. 

Cftic. 


Form I. 

Form 11. 

Form 111. 



Li . 

33*4 

0*0*265 

0*0265 

0*0264 

0*0264 

Na . 

43*5 

0*0244 

0*0244 

0*0243 

0*0245 

Ag . 

54-3 

I 0*0229 

0*0228 

0*0228 

0*0228 

Gl 

65*5 

0 0216 

0*0216 

0*0216 

0*0216 

Br . 

67*0 

0*0215 

0*0214 

0*0215 

0*0214 

H . 

315 

0*0164 

0*0156 

0*0162 

0*0154 


The above behaviour may possibly bo explained on the grounds 
that the slowly migrating ions carry a large quantity of water mole- 
cules with theift, and that the number of these decreases with rise of 
temperature. 

1 Zeitsclir. f. Elektrochemie 8 . 288, 626 (1902) 14 . 129 (1908). 
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The Characteristics of Electrol;^ic Dissociation. — Electro- 
lytic dissociation differs from ordinary dissociation chiefly in this, viz. 
that in the former the dissociation products are electrically charged, 
but not in the latter. The introduction of the idea of electrical 
dissociation into science marks a new era in our molecular conceptions, 
since it has revealed to us an entirely new species of molecule, the 
electrically charged ion. According to circumstances, the same substance 
may decompose either into electrolytic or into non-elec troly tic mole- 
cules. Thus by dissolving ammonium chloride in a good deal of 
water it dissociates electrolytically, and almost completely, in the 
souse of the equation, 

NH^CI^NH^ + Ci, 

while by volatilisation, at sufficiently low pressures, it decomposes 
quite completely, in the sense of the following equation, into non- 
electric molecules, thus — 

NH,C1 = NH3 + HC1. 

These two processes are distinctly different^ and no connection between 
them, however probable, is known at present. 

The products of ordinary dissociation may bo mixed together in 
any selected proportion ; but in electrolytic dissociation there are in 
the system the same number of positive and of negative ions, so that 
they neutralise each other electrically. 

In ordinary dissociation no other expenditure of work is requisite 
in order to separate the products than that usually required to effect 
the separation of a mixture (p. 100) ; but in the case of electrolytic 
dissociation, in addition to this work, there is required the expenditure 
of the much greater work necessary to overcome the electric attraction 
of the oppositely charged ions. Huch a separation of this kind is observed 
to only a very inconsiderable degree by electrostatic influence on 
electrolytes ; ^ here the free electricities collect on the surfaces in the 
form of ions ; but no one has ever detected a weighable quantity of 
“ free ions in this sense, which are unaccompanied by the opposite, 
kind. This could not be very easily produced, because the accumula- 
tion of free ions of the same kind is opposed by the enormous 
electrical forces resisting it. 

The Diffusion of Electrolytes. — The preceding observations 
explain at once why we cannot conduct an experiment like that 
described on p. 379 [effusion] for the separation of the ions. If we 
allow a dissociated gas to diffuse, through a small opening, for instance, 
there will occur a partial separation of the components, since the more 
mobile components will outstrip the sluggish ones; but it is quite 
otherwise in the case of electrolytic dissociation. 

Let us imagine two solutions of hydrochloric acid, having a 
^ Ostwald and Nenist. Zeitschr. phys. Chevi. 3. 120 (1889). 
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different concentration, to be brought into contact with each other ; 
and let these be sufficiently diluted, in order that we may disregard 
the undissociated molecules of HCl. Then on every molecule existing 
in the solution, on the positively charged hydrogen and on the 
negatively charged chlorine ions, there will be exerted the same force 
due to the gradient of the osmotic pressure ; this will tend to move 
them from places of a higher to those of a lower concentration. But 
we know from the conductivities, that a hydrogen ion has a greater 
mobility than a chlorine ion (p. 396) j then the foniier will, to, a 
corresponding extent, outstrip the latter, and thus there will occur a 
'partial separcUion of the two imis. 

But this can only happen to a limited degi'ee. For as soon as one 
dilute solution contains an excess of H-ions, and the other an excess 
of Cl-ions, then the one will become positively charged, and the other 
negatively. As a result of these electric charges, there will arise an 
electrostatic force ; this will drive the H-ions from places of a lower 
to those of a higher concentration, and the Cl-ions from those of a 
higher to those of a lower concentration. Thus the diffusion of the 
H-ions will be retarded, and that of the Cl-ions will be accelerated ; 
and the equalised condition will obviously be that where both ions 
diffuse with the same velocity. A separation of the ions will occur 
only during the first instant, and, on account of the great electrostatic 
capacity of the ions, only to an inappreciable degree. 

Thus the decomposition products of electrolytic dissociation cannot be 
separated from each othei\ like the products of ordiruwy dissociation^ by 
diffusion^ to any marked degree. On the contrary, this can easily be 
done by removing the electrostatic charges which result from diffu- 
sion, i.e. the solution can be electrolysed. 

The theory of diffusion of dissolved electrolytes can now bo given 
in the following way : ^ let a diffusion cylinder, having the height x, 
be filled with a highly dissociated solution of a binary electrolyte, 
having the concentration >/, in the total cross-section q, and let the 
osmotic pressure of each particular ion be p; then at the position 
x + dx these values will Income respectively - d?/ and p - dp ; the 
volume of the section thus increased is qdx, and it contains a 
quantity of electrolyte (of hydrochloric acid, e.g,) equal to ryqdx 
mols. This is acted upon by the force qdp ; or, per mol, 

1 dp 
7j dx* 

Now the resistance friction, which must be overcome by the two ions 
in their movement, amounts respectively (according to p. 393) for the 
cation to 

I 

IT 

^ Nernst, Xeitschr, phya, Cht^n. 2* 613 (1888). 
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and for the anion to 


1 

V* 


The quantity of each ion whieh will migrate in unit of time dz, 
through a cross-section of the diffusion cylinder, if acted upon only by 
the forces due to the osmotic pressure, can be obtained by the product 
of the cross-section x the concentration x the force per mol x the 
mobility x the time ; it amounts respectively to 

- Uq^!-dz, and - Vq^dz. 

Mx Mx 


Hut, as a matter of fact, the electrostatic forces described above 
come into play ; these equalise the velocity of the two kinds of ions ; 
let their electrostatic potential amount to P. Then the electrostatic 
attraction or repulsion, exerted per g.-ion, will amount respectively to 


dP , 
dx 


+ 


dx^ 


and the quantities of each ion which will migrate through the cross- 
section, from the influence of this force alone, calculated by means of 
the same products as above, are respectively 


- Uqt;^^dz, and 


dP 

H-Vqv^-dz. 


Now, as a matter of fact, the two forces act together; and the 
quantity of salt which will migrate through the cross-section, in the 
time dz, is 



dP 

or, after the elimination of 

dx 


2UV dp, 
U + V Mx 


Now, according to the law of the osmotic pressure (p. 144), 

p “ 9^RT, 

By introducing this, we obtain 

2UV drf . 


dS:= - 




A comparison of this formula with that on p. 153 (where the 
concentration was denoted by c) shows that 

2UV 

^ u + .... 

and this denotes tlie diffusion coefficient of the electrolyte. 


( 1 ) 
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We know already (p. 395) that U and V are proportional to the 
ion mobilities u and v j thus 

u = FU andv = Fy ... (2) 

The value of the proportional factor, F, depends mion the choice of 
the unit of measurement ; its absolute value can be calculated from 
the equation derived by Kohlrausch on p. 395, where a= 1, in the 
case of fully dissociated electrolytes, viz., 

K = t/F(U + V). 

If we express all these magnitudes on the same system of measure- 
ment, then F, of course, will 1. We may suitably choose the C.G.S. 
system.^ 

In order to obtain the conductivUy k, on this scale, we must multiply 
it by 10^ because an Ohm = 10^ C.G.S. Further, the unit of ion 
cmcenb'ation^ of course, is that which holds the quantity of electricity 
-t 1 bound to the ions contained in 1 c.c. If the unit (quantity of 
electricity is held by ^-equivalents of a positive ion, then a c.c. contains 

- units of + electricity ; and of course the same quantity of - electricity. 

Wo thus find that 

/clO-9 = (U + V)’^ 

or, fifter introducing the molecular conductivity (p. 395), 

IT + V = Ai/ . 10-« . ... (3) 

Now 96,540 Coulomb (Ampere seconds) (- 9654 C.G.S. units) 
deposit 1 mol of a univalent ion (Book IV. Chap. VI.) ; hence we 
have for univalent ions 

1 

'' ' <mi ’ 

further 

U + . 10-»- 1 036A . 10-'» 

9654 

or, according to p. 395, 

U = l*036u . lO'is, V= 1-036V . . (4) 

These were the expressions calculated by Kohlrausch^ in 1879 
for the absolute velocities with which the ions migrate when they are 
acted upon by unit force, Le. for example when there is a unit fall of 
potential per centimetre in an electrolyte through which a current is 

^ See the Text-books of Physics, e,g. Kohlrausch, Prakt. Phyaikf Leipzig, 1892, 
Apj)endix. [In English, see, e.g. Daniel’s Physics, 2nd edit. p. 13. — Tii.] 

2 Wied. Ann. 0. 160 (1879). 
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passing. If the fall of potential is 10^= 1 volt (the conventional unit 
of electromotive force), the velocities are 

U'- 1-036U . 10-^ V'= 1-036V . lO'^. 

If we think of an electrolytic cell (p. 387) as connected with the 
poles of a DanieFs element which has an electromotive force of 1*11 
volt; and if we separate the electrodes 1*11 cm., then we have a 
potential gradient of 1 volt per cm., provided we disregard the internal 
resistfince of the element and the polarisation of the electrodes ; if the 
electrolytic cell is filled with dilute hydrochloric acid, then from the 
values of u and v, given on p. 396, we get 

PTYl 

U' = 0*00329, and V' = 0*00068 

sec. 

It thus becomes apparent that the velocities controlled by the 
current are very small in comparison with the velocities of the mole- 
cules moving back and forth ; now these latter were introduced (p. 247) 
to explain the osmotic pressure, and they constitute the measure of 
the temperature in the sense of the kinetic theory. The increase in 
the kinetic energy of the ions occasioned by the current is extremely 
slight ; and the work which the current does is practically completely 
used up in overcoming the friction, Le, in developing Joulds heat. 

The migration in the case of coloured ions, such as the anion of potassium 
permanganate, can be made visible l)y a method suggested in 1887 by 
0. L(Klge. Using a (J -shaped apparatus^ the migration may not only be 
made visible, but tlui absolute velocities may be measured with fair accuracy 
in a lecture. 

Now if wo introduce into equation (1), developed for the diffusion 
coefficients, the values of U and V, from equations (3) and (4), we 
obtain 

T)=:ii*L . ^liT . 10-" ... (5) 

Now, it remains to express the gas constant R, in the same system 
of measurement, i.e. in its evaluation, to select the unit of volume in 
C.C., and that unit quantity of ions which shall hold the unit quantity 
of electricity 1. Now the pressure in a space containing this quantity 
of ions per c.c., according to p. 41, at T = 273, is 

22,412 V atm. == 22,412 x 981,000 x 1 033 v abs. units, 
and, therefore, in the G.G.S. system (for univalent ions 

RT=2-351 Jg x lO®. ... (6) 

Now, by introducing this into equation (5), we obtain the diffusion 
> See Zeitschr. f. Elektr. 3. 308 (1897). 
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coefficients on the, absolute scale, i.e, the quantity of salt which will 
migrate per sec. through a cross-section of 1 sq. cm., where the 
gr^ient of concentration per centimetre is 1. It is a matter of in- 
difference what scale we take to express the quantity of salt, provided 
only that we measure the concentration {Le, the quantity of salt 
X cm.'^) on the same scale. It musl be noticed, however, that the 
numerical values usually given are based on the day as unit of time, 
and thus the factor 8*64 x 10"^, the number of seconds in a day, must 
be introduced in order to express the diffusion coefficient 1) in the 
conventional system of measurement ; then 
9nv T 

D = - V . 2-351 . X 10‘'> X 10-9 . 8-64 x 10^ . (7) 

u + V 273 ^ ^ 

or, simplified and calculated for T = 273 -f 18, 

tiv 

I) = 0*04485^^[l +0*0034(t- 18)] . . (8) 

The temperature coefficient, as calculated theoretically for 18'\ 
from that of the mobility of the ions, and from that of the osmotic 
pressure, is in complete accord with observation, namely 0*024 for 
bases and acids, and 0*026 for neutral salts. The following table 
contains the observations of Scheffer ^ calculated for IS'’, and the 
theoretical values calculated from the ion mobilities u and v, according 
to equation (8) : — 


Substance. 

D obs. 

D theor. 

Substance. 

D obs. 

I) theor. 

HCl . 

2*30 

2 '45 

NaNO. 

1*03 

1-16 

UNO, . 

2*22 

2*29 

NaCO.,H 

0-95 

I'OO 

Kon' . 

1*85 

2*13 

NaOH, CO., . 

078 

0*86 

NaOH . 

1*40 

1*58 

NH 4 Ci. “ . . 1 

j 1*33 

T46 

NaCl . 

1-11 

1*19 

KNO., . 

1 1-30 

1*41 


W. Oeholm has made a thorough experimental study of tlu; 
accuracy of the diffusion theory ; the numbers ho obtained ^ for very 
dilute solutions (about 0*01 normal) at 18° are given in the following 
table : — 


Sub-stance. 

Dobs. 

D theop. 

' Substance. 

D obH. 

D theor. 

KCl . . . 

2*32 

2*45 

KCl . 

1-46 

]'46 

KOH . 

1 1*90 

2*13 

KI . . . 

1-46 

1*47 

NaOH . 

i 1*43 i 

1*58 

LiCl . 

1-00 

0-994 

NaCl . 

1 1-17 

1*19 

CH 3 CO 2 H . 

1 (0*930) 

i 

1*37 


• Zeilsekr. phys. Chtm. 2 , 390(1888). 
“ im. 60 . 309 (1904). 
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Since acetic acid at this concentration is only disspciated to a small 
extent, the observed value 0*93 is considerably less than that calculated 
for complete dissociation, 1*37. Otherwise the agreement found, 
especially in the recent measurements of Oeholm, is surprising, when 
one thinks that the calculated value involves diffusion coefficients and 
laws of gases and electrical measurements, and that parts of physics 
are thus brought in relation between which a connection Was hardly 
imagined previously. The fact that not only in acetic acid but in the 
other substances the calculated values are usually a little larger than 
the observations may be attributed to incomplete dissociation, since 
the undissociated molecules diffuse more slowly than free ions. 

Tlic theory of diffusion in mixtures of salts can also be completely 
developed ; observation again supports the results of the theory, as was 
shown by me in 1888, and subsequently in a series of researches by 
AJTlieiiius.^ 

If wo measure the molecular conductivity, the mobility of ions, 
the diffusion coefficient, and the gas constant, ))y one system of 
measurement, consistently applied, it will be found that 
• A = U + V, 

and according to equation (5) 

1 _/l 1\ ^ 

]) w vj RT' 

That that while the molecular conductivity is simply equal to the 
SUM of the ion mobilities^ the reciprocal of the diffusion coefficient is pro- 
portional to the sum of the reciprocals of the mobilities^ these being also 
included under the additive properties. 

The Friction of the Ions. — The friction of the ions can be cal- 
culated on the absolute scale from the mobilities found on p. 401. 
Now, since the velocities assumed by the ions, when unit force acts on 
r-equivalents, according to equation (4), are respectively, 

U- 1-036U X 10-’^ and V = l*036v x IQ-i^ ; 
then, per r-C(iuivalcnts, there will bo respectively the forces 

103(ivx 10-1» 

or, per g,-ion respectively, the forces 


1-036UX 10- 


, 981000V ■ 


and ^ X 10+11 kg, ( 9 ) 


required to cause the ions to move with velocity 1 cm./sec. 
(Kohlrausch). 


^ Zeitschr, phys. Chem. 10. 51 (1S92); see also the interesting studies of 
U. Belm, U'7f*r/. Jwn. 01, 54 (1897); .ind Abegg and Bose, Zeitschr. phys. Chem. 


30. 545 (1899). 
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We may apply the same formula to a non-electrolyte or to a salt, 
by making u = v, and then calculating its mobility according to equa- 
tion (8) ; then we obtain 

D 

“ “ 0-02242[r + 0-0634(t - 18)]’ 

and by considering equation (9), we obtain 

9*1 ^ 

+0*0034(t- lS)]x 10»kg. . (10) 


a formula which was already referred to. 

Now we will use equations (9) and (10) in order to calculate the 
resistance friction for an ion and for an electrically neutral molecule 
of any related molecular structure. Thus the conductivity v of the 


ion of caproic acid, H3 C— CHj— CH^— CH,^— , at 10 °, 


amounts to 18 ; and, therefore, according to equation (9), the force' in 
kilograms required to give it a velocity of 1 is 


K = 5*3 X 10^ 


Moreover, from the diffusion constant 0*38 of mannitc, 
measured at the same temperature, according to equation (10), wo 
calculate this force to be 

K=:5*5 X 10^. 


The fact that these resistance frictions are so ncfirly coincident, in 
spite of the very different ways in which they are derived, is a now 
proof that the views developed in the preceding pages are based on a 
sure foundation. • 


Further comparisons are given in the following table ^ : — 










i 

Anion or Kation of 


V 

oru. 

K. 10-". 

Difl’u.sing 

subsUincc. 

oTd 

/). 

K. 10 

s 

a 









fi 


r-A 







Hi 

H 

Acetic acid 

59 

45 

1 2T 

Acetic acid . 

60 

•90 

2-4 

18 

Tartaric acid . 

M9 1 

30 







Racemic acid . 

149 

30 

! 3-2 1 

f Tartaric acid 

! 1.50 

•50 

4-2 

18 

Isobutyl-Sul- 



! 

I Racemic acid 

1,50 

•52 

4-1 

18 

phuric acid . 

1.53 

29 

I 3*3j 






Animouium loii 

! 

18 

64 

1 1-5 

Ammonia . 

17 

1*64 

1*3 

19 


Other Solvents. — The faculty of breaking up dissolved substances 
into ions and so yielding good conducting electrolytes, which is most 
marked in the case of water, is found also in other solvents, but mostly 
’ Euler, Wied, AniUy Jubelbaiid, p. 273 (1897). 
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only to a small extent and hardly ever to an extent comparable with 
water. 

It should be noticed that conductivity depends not only on the 
number of ions, that is, on the degree of dissociation, but also upon 
their mobility. According to the preceding pages, the velocity of 
diffusion is a measure of this. This is important because in weakly 
dissociating solvents we can neither determine Aoo directly nor obtain a 
from freezing-point determinations on account of its smallness ; hence 
to find a and Aoo =u + v separately in the equation 

K = tt>/ (u + v) 

one is thrown back upon measurements of diffusion. Walden ^ found 
the relation 

Aoo = constant 

for the numerous solvents he investigated. As tj changed in the 
ratio of 1 ; 30 it is evident that this mle is extremely important. 

We may form the following conclusions on the .power of solvents 
to break up dissolved substances into ions. Clearly the electrostatic 
attraction of oppositely charged ions plays an important role in 
electrolytic dissociation ; that force naturally tends to recombine the 
ions into electrically neutral molecules.^ We must therefore assume 
that other actions whose nature is unknown to us, perhaps the kinetic 
energy of the components of the molecule, cause separation, and that 
dissociative equilibrium has its origin in the concurrence of these two 
opposed tendencies. If the electrostatic force is weakened the 
electrolytic dissociation should increase ; now electrostatics shows that 
two oppositely charged bodies attract each other more weakly the 
higher the dielectric constant of the medium in which they are 
placed. It follows, therefore, ceteris paribuSy that electrolytic dissocia- 
tion will be greater the higher the dielectric constant of the medium. 
This view is supported by the following table : — 


Medium. 

Dielectric 

constants. 

Electrolytic Dissociation. 

Gaseous space . 

1*0 

Indistinguishable at normal temperatures^ 

Benzene . 

2*3 

Extremely small but measurable conductivity 
indicates a trace of dissociation. 

Ether 

41 

Noticeable conductivity of the dissolved electro- 
lyte. 

Alcohol . 

25 

Moderately strong dissociation. 

Formic acid 

62 

Strong dissociation of dissolved salts. 

Water 

80 

Very strong dissociation. 

Prussic acid 

96 

V ery strong dissociation. 


^ Zeitschr. phys, Chem. 65. 246 (1906). 

Nernat, Gott. Nachr. Nov. 12, 1893 ; Zeitschr. phys, Chem. 13. 531 (1894). 
In the same year, but later, J. J. Thomson put forward similar considerations (Phil. 
Mag. 36. 320, 1893). 
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The parallelism between electrostatic dissociation of dissolved 
substances and the dielectric constant of the solvent is put beyond 
doubt by this and a number of other examples ; but absolute propor- 
tionality is not to be expected, for other influences have to be taken 
into account, especially as we are unable to say how far the forces 
tending to separation of the ions vary with the nature of the medium. 

The behaviour of formic acid as a solvent, studied by Zaiiniiiovitcli- 
Tessarin,^ is especially noticeable. Salts, such as NaCl, KBr, etc., are 
hardly less dissociated in this solvent than in water, as measurements of 
conductivity and freezing-point both show ; hydrochloric acid, on the other 
hand, hardly conducts at all, and consists for the most part of double mole- 
cules ; tri-chlor-acetic ac-id also, which is extensively dissociated in water, 
has almost its normal molecular weight in formic acid. This shows, as was 
to be expected, that besides the undoubted influence of the dielectric constant 
other S 2 )ecific influences make themselves felt. Aj)parenlly association of 
the ions with molecules of the solvent is important in this respect. The 
molecular conductivity in certain solvents often decreases with increasing 
dilution, instead of increasing. This j)henomenon is observed in extremely 
dilute solutioiis of acids and bases in water itself, but is usually attributed 
to secondary phenomena caused by impurities. But in certain non-aqueous 
solvents it is so jn’onounced that this explanation cannot be accepted. It is 
possible that in such cases dissociation takes place in steps, so that electrolytic 
dissociation is only noticeable at certain concentrations, and diminishes when 
the dilution becomes very great. Thus, to take an arbitrary example, we 
may suppose that an acid can exist in a tri-molecular form, and be ionised as 
such, while the sirajde monomolecular acid is an extremely weak electrolyte : 

I (RH)o-RoHo-f H 
II (RH)3 = 3RH. 

According to this concejjtion, ions would only be i)re8ent in appreciable 
quantities at moderate dilutions (Equation 1), for when the dilution becomes 
very great, electrically neutral molecules would again be formed (Equation II). 

A good summary of the work done in this direction has been made by 
Carrara, “ Elektrochemie der nicht wiisserigen Losungen.” (German transla- 
tion by K. Arndt, Stuttgart, 1908.) 

It is worth mentioning that solvents with considerable dissociating 
power *are also those which have a tendency to polymerisation in the 
liquid state.2 This favours the assumption that electrolytic dissociation is 
helped by association of the free ions with the molecules of the solvent, an 
assumption which is all the more plausible, as the ions have a strong tendency 
to form molecular compounds, as will appear in the following section. 

The fact noted by F. Kohlrausch,^ that we know of no good electrolytically 
conducting liquids at usual temperatures, that consequently electrolytic 
conduction is first seen in mixtures, supports this view. 

^ ZeMschr. phys. Ohem. 19 . 251 (1896). 

Neriist, ibid. 14 . 024 (1894) ; Dutoit and Aston, Compit. rend. 126 . 240 (1897). 

Pugg. Ann. 169 . 270 (1875). 
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Electrol3rtic Dissociation of Molten Salts. — It has long been 
known that molten salts and alkalies, besides aqueous solutions, are 
good electrolytic conductors; their electrolytic decomposition forms 
some of the most important metallurgical processes. R. Lorenz and 
K. Arndt especially have investigated in the last few years the 
behaviour of these electrolytes ; the first author has given a critical 
and extremely clear account of the subject,^ on which are based the 
following remarks on the question of the strength of the electrolytic 
dissociation in those cases, a question usually very difficult to investigate 
by experiment. If we assume the radius of the ions to be as large as 
the value which can he estimated from the molecular value with the 
help of the kinetic theory, it is possible by means of the formula on p. 
292 to calculate the absolute frictional resistance to the ions, and con- 
se(|uently the concentration of the ions from the conductivity measured. 
In this way the surprising result is obtained that molten salts are com- 
pletely dissociated. 

On the other hand application of the formula of Eotvds (p. 297) 
leads to the directly contrary result that molten salts are strongly 
associated. The question must therefore still be considered open. 

It is possible that the authors theory of diffusion (p. 398) could be 
applied to the measurements of the diffusion of dilute solutions of salts 
in another molten salt, and so the absolute ionic mobilities calculated 
on less hypothetical grounds. In this way the problem in question 
might be solved with certainty. 

Werner’s Theory of Complex Ions.— Whilst in dealing with 

the carbon compounds the unitary conception is the most helpful, in 
dealing with the majority of the inorganic compounds, especially the 
salts, acids, and bases, Berzelius's dualistic hypothesis is more suitable, 
the hypothesis which, as we have seen in this chapter, assumes decom- 
position into negative and positive ions. AVerner has shown that the 
investigation of ionic dissociation gives valuable insight into the con- 
stitution of so-called molecular compounds, especially the metal 
ammonia derivatives. 

The following observations serve as starting-point. Amongst the 
metallic ammonia compounds of the trivalent metals, cobalt, chromium, 
and rhodium, four series are known with 3, 4, 5, and 6 molecules of 
ammonia. Thus, considering the chlorides, we have as the mem})er 
richest in ammonia the luteo salts Me(NH 3 )^jCl.^ where ^*e is one of 
the metals mentioned. In these salts, as in other metah...' chlorides, 
the chlorine atoms can be separated as ions; this is shown by the 
conductivity and by chemical behaviour, for instance, imjrnediate 
reaction with silver nitrate, decomposition by sulphuric afjid with 
formation of hydrochloric acid, etc. AVhen these compourXls lose a 
molecule of ammonia and turn into the puiqmreo salts Me(NIl 3 )^Cl 3 , 
^ Ncrmt-Festschriftf p. 266 (Kiinpp, Halle-a-S, 1912). 
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the remarkable phenomenon appears that one of the chlorine atoms can m 
longer he serrated as ion. This can be rendered symbolically by the 
formula 

/MeCNH^UCl, 

V Cl ; ’ 

which is to express that the complex within the bracket does not 
dissociate on solution. Coming to the next members of the series we 
find that as each molecule of ammonia disappears the chlorine atom 
becomes incapable of acting as an ion. Thus we have the series 


^Me(NH3),^^ 

Liiteo salts. 


Cl, 


j'Me(NH3),^Cl, ^Me(NH3),^Cl 

Purpureo salts. I’raseo salts. 


The last member of the series is not dissociated. 
The series of the cations of these salts is 


Mo/(NH 3)3\ 

V Cl, / 

H«‘xainiiie salts 


+ + + +j- 4- 

Me(NH,). 

Cl CI 2 


Me 


(Nil,), 

CI3 • 


Thus we here find the neutral ammonia molecule replaced by 
univalent anions, so that, naturally, the negative charge of the anions 
is neutralised by the positive charge of the complex. Hence for each 
atom of chlorine that enters it the complex loses one charge and finally 
becomes electrically neutral. If an <anion be introduced in the place 
of an ammonia molecule in the neutral hexamino salt, we obtain 
the anion 


Me 


(NH3), 

(NO.,), 


which is capable of forming a salt with potassium. 

These relations are excellently shown by the j)latin-ammonia com- 
pounds investigated by Werner ; ^ the following series of radicals has 
been found ; — 


-f 4 ++ 

Pt(NH3),, 


Pt(NH3)3Cl, 


Pt(NH3),CI„ Pt(NH3)3Cl3, 
Pt(NH3)Cl5, Ptci^. 


Pt(NH3)3Cl„ 


The original platin-ammonia ion with a quadruple charge loses its 
charge l)y substitution of chlorions, becomes electrically neutral, and 
finally even negative. The following curve gives the observed 
molecular conductivity of the chlorides and potassium salts of the 
above radicals : 


' Zeitschr. a.w>rg. Chtmie,' Z, 267 (1893); 8. 153 (189.5); Werner ami Miolati. 
Zeitschr. phys. Chem. 12. 35 (1893). 
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TOSCO com]] 


Similarly a series can be obtained by the substitution of chlorions 
in c()m[)ounds of divalent platinum : 

(pt(NII,).)ci, (Pt™') (pt™>)K (p.CI.)k, 

The position of ammonia in the examples here given can be 
taken by other atomic groups such as water. Thus we know the 

pounds CI3 and the tetrammine-roseo compounds 

(NH)\ 

Me/Tj CL. In these the radical remains trivalent because the 

(^2^)2/ ... 

substituent is neutral. By introducing this water molecule we obtain 
hexahydrates, and this is actually the form in which the heavy metals 
most commonly appear. When a hydrate contains more than 6 
molecules of water, for example the vitriols, this is attributed by 
Werner to a combination of water with the anion. 

Werner and Gubser,^ as has already been mentioned above, have 
given an interesting case of “hydrate isomerism” in the chromium 
chlorides. It has long been known that, like other chromium salts, 
these exist in two modifications, a green and a violet. The solid salts 
both have the composition CrClg . fiHgO. In solution the 'green form 
changes into the violet, whilst the conductivity rises about threefold. 
Ill the violet solution the three chlorine atoms are present as ions, it 


* Ba\ Dentxeh. Chm. Oen, 34. 1579 (1901) ; for further cases of isomerism, see 
Werner, Ncuv Anschmungeti auf dm (jlchieU der anorganischen Chemte, Braunschweig, 
1 909 (‘2nd edition). 
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has therefore the constitution (Cr(H20)^)Cl3 ; in the green solution 
only one chlorine atom is present as ion, the constitution is therefore 

+ 2H2O. That we have here actually two molecules of 

water combined in a different way from the others, is shown by the fact 
that the green salt can be transformed into the tetra-hydrate without 
losing any of its characteristic properties. It may be seen from these 
examples that the negative atom can be combined in two different 
ways : one so that it is easily separated as an ion, the other 
so that it combines with the mcLillic atom to form a radical ; 
the latter is the case when it takes the place of ammonia or 
water. Werner believes that in the latter case the radical is directly 
attached to the metallic atom and exists in the inner sphere of the 
latter. Ions which contain other kinds of molecules added in this 
way are called complex ions. The number of radicals directly 
combined is a characteristic constant of each metal known as the co- 
ordination number ; it is to be distinguished from the valency. 

From this standpoint the addition of one or more saturated 
molecules to a compound completely saturated as regards the chemical 
valencies, may be considered to take place in one or two ways which 
we may distinguish as ordinary and substitutive addition.^ The 
ordinary addition of a molecule causes an increase in the number of 
atoms joined to the central atom either by chemical or by co-ordinative 
valencies. For example, the addition of ammonia converts the 
co-ordinatively unsaturated PtCl^ into the saturated (N 113)2 • • ’ 
in which the platinum atom is chemically tetra valent, as before. 
Substitutive addition denotes the replacement of an unsaturated 
radical directly joined to the central atom by a saturated molecule, so 
that the former passes from the inner to the outer sphere. The 
transformation of platinum monodiammine chloride into platinum 
tetrammine chloride is an example of this (Fig. 36 ) ; one of the six 
central places round the platinum atom, which correspond to the 
co-ordination number of this element, is occupied by the saturated 
iliolecule (NH3), instead of by the unsaturated atom Cl. In con- 
sequence of this, the external valency of the complex ion in the 
square brackets is increased by one, and two chlorine atoms instead of 
one are bound in the outer sphere. This can be described more 
clearly by saying that the saturated NHg molecule replaces the 
saturated chlorine ion, the presence of which now in the outer sphere 
necessitates, owing to its electrical charge, the increase of one electro- 
chemical valency in the complex ion. 

A very I’eiiiarkaljle research of A]>cgg and Bodlander - shows how the 
affinity of the elements for the electron regulates the formation of complex 


^ \^Einlagernng Aidngcrung (Werner)]. 
2 Zeitschr. anorg. Chem. 20 . 453 (1899). 
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compounds ; the less firmly the ion holds its electric charge the more readily 
it forms “ molecular coinpoiinds ” in general. • 

Amphoteric Ions. — A peculiar kind of ion must be formed, as 
Kiister ^ showed first, when an electrically neutral molecule gives off 
simultaneously a positive and a negative ion (either uni- or multi- 
valent) ; in that case an electrically neutral molecule remains, vvhich 
must bo regarded as an ion, since it carries free electric charges. It 
is known as an ‘‘amphoteric” ion (Kuster-“Zwitterion ”). An 
example to be found in methyl orange and other substances which 
possess the formula 

N(CH 3 ),~K-S 03 H, 

which can function in solution both as a base (substituted ammonia) 
and as an acid (sulphonic acid), and therefore can give rise to the ion 

NH(CH 3 ) 2 -R-S 03 . 

Evidently this conception of an amphoteric ion is partly identical with 
that of an “internal salt”; the new theory therefore admits the 
possibility of two isomers, according as the charges remain free or 
neutralise each other. Nothing is known experimentally as to the 
existence of those two isomers ; they would correspond to the difference, 
for example, between dissociated and imdissociated acetic acid. 

It would evidently be of much importance to find a means of testing for 
amphoteric ions ; since the entire ion suffers no force in an electric field, such 
ions do not, like the ordinary kind, contribute to the conductivity. But the 
electric field must exert a moment of rotation on their free charges, and hence 
must have a directive action on them, hut on this subject nothing is known 
at present. It is possible that zwitter-ions are much commoner than has 
hitherto been assumed, for example, the carbon in carbonic oxide would be 
tetravalent if tlie latter substance bad the constitution 

-I' 

0 - 0 , 

but. this view esm neither be confirmed nor disjiuted at the present time. See 
Brexlig. Zeitschr. phij!<. Chem, 13. p. 323, Alim. 1. (1894). 

Hydration of Ions. — Much attontion has been paid in recent 
years to this important (piestion ; I owe the following details mainly 
to Dr. Riensenfeld, who has investigated the problem. 

Of the many phenomena which suiiport the view that most ions 

^ Zeilschr. anorg. ("hem. 13. 136 ; soe also Wiiikel blech, Zeifsrhr. phm. Chem. 36. 

546 (1901). 

- The relations between conductivity and viscosity : Hankel, Pogg. Ann. 69. 225 
(1846) ; Wiedemann, Pogg. Ann. 99.225 (1856) ; Beetz, Pogg. Ann. 117. 1 (1862) ; 
Grotian, Pogg. Ann. 161. 378 (1874); 157. 130 and 273 (1876); Stephan, Wied. 
A nn. 17. 673 (1882). Relations between change of volume and ionic concentration : 
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in aqueous solutions are surrounded by a collection of water molecules, 
may be mentioned Kohlrausch's discovery ^ that the temperature 
coefficient of the conductivity at infinite dilution of most aqueous 
solutions containing monovalent ions is approximately the same anti 
equal to the temperature coefficient of the viscosity of water. It 
varies at 18° between the limits 0*020 and 0*024, whereas the tem- 
perature coeflicient of the viscosity of water at this temperature is 
0*025 (see p. 397). 

The degree of hydration of various ions may be qualitiitively 
compared by a consideration of their atomic volumes and mobilities. 
It follows from the above that the frictional resistance to the motion 
of all monovalent ions is approximately the same, so that mobility 
should decrease as atomic volume increases. In the series of ions, 
Li, Na, K, Eh, Cs, however, the atomic volume increases from 22 to 
71, while the mobility increases from 33*4 to 68*2, whereas we should 
expect a decrease. This can be explained by assuming that of this 
series the Cs ion has the smallest number of water molecules attached 
to it, and that this number increases very much as the atomic weight 
falls, so that the gram-molecular volume of the ions, pins that of the 
attached water molecules, does not increase with increasing atomic 
weight, but decreases. The number of water molecules attached to 
an ion can be determined in the following way. 

If the solution of an electrolyte contains a known amount of an 
indifferent substance homogeneously distributed, electrolysis will cause 
changes in the concentration of the latter, which depend, as the 
author has shown, solely on the transport numbers, and the difference 
in the hydration of the anions and cations of the electrolyte. 

If the migration velocities of the two ions were the same, the 
difference between the number of H 2 O molecules attached could })c 
calculated directly from this change in concentration. Since the 
mobilities are different, we get the relation ; 

iiA - (1 - n)K = X 

where A and K represent the number of mols H^O attached to I mol 
of the anion and cation respectively, n the trarisjjort nurnbei*, and x 
the number of mols of water cariicd to the anode or cathode by an 
amount of electricity = IF. 

If u and V are the mobilities of the cation and anion respectively, 
this relation may be written : 

vail (ler Waals, Zeitschr, phys. Chem. 8. 21.5 (1891); MacGregor, Zeitschr. phys. Chrni. 
9 , 231 (1892) ; Carrara and Levi, (razz, chivu ilal. 30 . TL, 197 (1900) ; Drude and 
Nernst, Zeitschr. phys. Chem. 16 . 79 (1894). A summary of the literature will be 
found in : Reinhold, Dissertation, Freiburg i. B. 1910, anfl Washburn, Jahrb, f. 
Jtadioaktivitdtt 1908 . 493 and 1909 . 69. 

^ Pogg. Ann. 164 . 228 (1875) ; Wied. Ann. 6 . 207 (1897) ; Sitzuwjsber. d. Akml. 
d. IFme/wcA, Berlin, 1902 . 572. 

‘“2 “Zur Frage der Hydratation geldster Substanzen,” Nachricht, d. Kgl. (Jesellsch. d, 
Wmensch. zu (Jdttingen, Math.-phys. Klasse^ 1900 . 1. 




414 


THEORETICAL CHEMISTRY 


BK. II 



The value of - for a few electrolytes has been determined with the 
n 

following results by Buchbock ^ and Washburn, ^ using different non- 


electrolytes : 


HCl . 

-1*42 to ~l-.52 

KCl . 

-1*27 

NaOl . 

-1*24 

LiCl . 

--2-05. 


By putting the number of H 2 O molecules attached to one hydrogen 
ion arbitrarily as 1, it follows that there are 5 attached to K, 8 to 
Na, 14 to Li, and 4 to Cl. 

Kiesenfeld and Reinhold ^ have described another method of deter- 
mining these numbers. If the ions carry water with them to the anode 
or cathode during electrolysis, the transport numbers determined 
experimentally correspond to the “ true ” transport numbers only at 
infinite dilution. In order to obtain the true numbers from those 
found experimentally with concentrated solutions, a correction must 
be applied which depends on the mass of water carried oyer during 
electrolysis. Consequently the numbers found in most cases will 
vary with the concentration, and from this variation a relation 
between the hydration of anion and cation can be calculated. 

If an amount of electricity = IF jiasses through the solution of a 
binary electrolyte containing 1 equivalent to “ a ” mols of w{iter, we 
find at the anode after electrolysis a proportion of 1 - 1 - n equivalents 
of the electrolyte to “ a ” mols of water, “ n being the transport 
number found experimentally ; hence in (a + x) mols water, there are 

1 + n + ^ equivalents of electrolyte. 

If w is the true transport number, and A and K the number of 
ll^O molecules attiiched to the anion and cation respectively the above 
relation for x, namely 

wA - (1 - w)K = X 

holds good. If it is assumed that x has a positive value at the anode, 
a proportion of 1 h w equivalents electrolyte to (a + x) mols of water 
will be found round the anode after electrolysis. Equating this value 
to the expression given above, we obtain 

1 + w = 1 + n + • 

a 

X 

n = w + -. 
a 

* ZeitSi'hr. phys. Ckem. 66. 563 (1906). 

“ [bid. 66. 513 (1909). » Ibid, 66. 672 (1909). 
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By substituting the concentration “ c ” for the reciprocal of “ a ’’ it 
follows that 

dn 

Hence the value of x can be obtained directly from the curve con- 
necting the transport numbers with concentration. 

A third relation for the ratio of the HgO molecules attached to 
different ions can be obtained by comparing their mobilities,^ If the 
ions with their sheath of water molecules are regarded as spheres 
moving through the solvent with constant velocity owing to the 
potential gradient, the molecular volume of the ions can be calculated. 
This is made up of the ionic volume, and the volume of the water 
sheath. If the latter is large compared with the ionic volume, this can 
be neglected, and thus the volume and number of mols of water 
attached to one mol of ion directly calculated. 

If the mobilities of two ions are \ and Ig, and the radius of their 
molecular volumes (including the water sheath) r^ and r^,, Stokes’ 
formula,^ which may be assumed accurate to a first approximation if 
the hydration is considerable, gives the relation 


If the atomic volumes of the ions are neglected in comparison with 
the atomic volumes of their surrounding sheaths of water molecules, 
which is also admissible if hydration is con8ideral)le, it follows that 



where Aj and Ag are the number of water molecules carried by each 
giam-ion. Consequently 

A, ^1,3 * 


* Hiesenfeld and Rciuhold, loc. cit. 

*■* Vamhr. pkil. Tram. 9. 58 (1850). 

* The atomic volumes themselves can lie calculated directly from ionic niohilities l»y 
applying Stokes’ law, and assuming Avogatlro's number (see IjOI cjiz, Neryxst-FestHrhrift ^ 
p. 266). The atomic volumes of the ions calculated in this way are, on the whole, the 
same as the atomic volumes of the same substances in the gaseous state, calculateil from 
the boiling point and the molecular weight. From this it follows apparently that ions 
are not hydrated in aqueous solution. The diameter of the atomic volume of the 
hydrogen ion is found in this way to be a quarter too small, that of the OH ion a third, 
and that of the Cs ion almost a half (0*66). The diameter of those ions which the 
above measurements show to be moderately hydrateil (Cl, Br, Tl), are found to lie e(|ual 
to that of their gaseous molecules ; further, the diameter of strongly hydmted ions, 
accortling to the above, is found to be too large [t.g. Ag, 1’6 times; Li, twice). 
Hence these numbers also bring out a distinct parallelism between the hydration and 
the diameter of the ions, which speaks in favour of, rather than against, the hypothesis. 
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By combination of the relations found by the second and third 
mcthcxls between the hydrations of various ions, it is iK)ssible to 
calculate tho hydration of a single ion. As the variation of the 
transport number with the concentration is not known with certainty, 
and the relation between mobility and ionic hydration only leads to 
approximate values (owing to the simplifications made in the calcula- 
tion), the numbers so obtained are still very inaccurate. 

The following series is obtained for cations, the numl)ers in 
brackets being the number of HgO mols to one mol of ion : 

11(0); K(20); Ag(35) ; |Cd, Ca(55); Na(70) ; Li(150); 
and for anions : 

OH(IO); ^SO„I,Br, Cl(20); N03(25) ; C103(35). 

These numbers refer to infinite dilution. The effect of increasing 
concentration is to diminish the hydration, the diminution being 
greater the more strongly the ion in question is hydrated at infinite 
dilution. The deviations of strong electrolytes from the law of mass 
action can probably bo partly accounted for in dilute aqueous solu- 
tions by the hydration of the ions. 

Of the nitrates of the alkalis, CsNOg shows the smallest hydration 
and also tho least deviation from the law of mass action.' As wo 
substitute K, Na, etc., the hydration and the deviation increases. By 
assuming the above hydration numbers, the deviations disappear, ^ and 
constant or only slightly rising values for the dissociation constants 
are obtained, of the same order of magnitude as those calculated for 
extremely dilute solutions, where hydration is no longer of influence. 

Two further methods by which ionic hydration could possibly be 
determined, are the measurement of the diffusion of an electrolyte in 
a solution containing a known concentration of a non-electrolyte 
homogeneously distributed,^ and the detonnination of tho electromotive 
force of concentration colls. But those methods have not yet led to 
decisive results. 

Historical Observations. — The idea of electrolytic dissociation, 
which has exerted such a fruitful and regenerating effect upon various 
departments of physics and chemistry, like other discoveries of this 
sort, had its historical anticipation. As early as the year 1857, 
Clausius,*'’ from the laws of electrolytic conductivity, developed the 
view, that in conductors of that sort there must be traces of free ions 
leading, at least, an ephemeral existence. 

’ Hiltz, /t'itschr, f. EfekirtKhetn, 17. 603 (1911) ; Wjwhburn and M‘ I lines, Ibid. 
18. 49 (1912). 

- Hoth, Zeitiichr. phya. Chen). 79. 699 (1912). 

3 Neriist iiuil Lotnnir, UHtt. Xachr., Math.-phya. Klasse, 1900. 1. 

^ llt‘inhold, Zeitschr. f. Klektrttchem. 14. 766 (1908). 

PiHjg. Anti. 101. 338 (1867). 
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H. V. Helmholtz/ in 1880, from a similar starting-point arrived 
at similar conclusions. 

Since the complete equilibrium of electricity ii> produced in the interior 
of electrolytic liquidSj ns well as in mehdlic conductors, by the wealesi dis- 
tribution of the electric forces of attraction, therefore it must he assumed that 
no other {chemical) force is opposed to the free movement of the positively 
and negatively charged ions, save the force’s of their electrical attraction and 
repulsion,'^ 

In this law Helmholtz has clearly formulated the fundamental idea 
of the theory of electrolytic dissociation. From an experimental point 
of view the cryoscopic investigations of liaoult- are of importance. 
This investigator showed in 1884 that the abnormally great lowering 
of freezing-point caused by salts in aqueous solutions was distinctly 
connected with the number of their ions. He even gave approximate 
rules by which the lowering of freezing-point could ))e calculated from 
the number and valency of the ions of the salt. The further develop- 
ment of these conceptions is due to Arrhenius (1887), who derived 
exact formuhe and taught us on the one hand how to determine the 
nature and the number of the ions, while on the other hand, by a 
series of applications, he clearly showed the fruitfulness of the theory. 

1 Wied. Ann. 11. 7;i7 (1880). 

- Co/njU. rend, from August 18, 1881. 
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TIIK rilYSlCAL 1’KUl‘KllTIKS OF SALT SOLOTfONS 

The Necessity of the Additive Relation. A solution which is 
HuHiciontly dilute contaiihs the electrolytes in a state of complete dis- 
sociation. The dissolved substance has now become a mixture of 
diflerent molecules, i.e. of its ions. Now it is a common experience 
that, in ji dilute solution, or in a gas mixture (p. i)S), the properties 
of each particular component remain unchanged, and, moreovei*, if the 
components are known, the [)roperties of the mixture can be predicted. 
I^’rom this there follows the fundamental law that — 

• The pnipniies of a naif nohUlon. are eompomf additiirli/^ of th‘ pro- 
parlies of the free ioits. 

As this simple law has been at times subject to much misconcep- 
tion, particular warning should bo given against certain illegitimate 
applications. The law presupposes complete dissociation of the 
electrolytes. Nothing can be said a primi regarding the behaviour in 
cases whore the dissociation is incomplete. The law may hold good 
in cases whore the dissociation is not complete ; and this would 
obviously bo the case where the properties in question are not 
changed by the union of the ions to form electrically neutral 
molecules. To what extent this may happen in any given case 
depends expiessly upon whether the property in question is decidedly 
additive or not. 

It is unreasonable to reject this law because it occasionally holds 
{e.fp with regard to absorption of light) even in cases in which it is not 
obviously necessary that it should. 

The Density of Salt Solutions.— If we add to water a salt 
which is completely dissociated electrolytically when in solution, then 
the change in volume so occasioned will be brought additively by 
intermixture of the particular ions, and therefore this will be an 
additive property of the ions. A similar thing may occur in the case 
of salts which are only slightly dissociated, as for instance when the 
electrolytic dissociation is associated with no change of volume. But 

118 
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here this is not a necessary consequence. It Inw not been possible iis 
yet to state what jnirt of the change of wlume w due to each particular urn. 

Let us denote by s the density of a solution containing in in gmins 
of water 1 mol of a salt having a inol wt. of M ; and by the 
density of pure water at the same temperature ; then the change of 
volume occasioned by the solution of that (juaiitity of salt will bo 

, M + m m 
Av = - ~ • 

s 

The following tiible contiiins some values of the change of volume,^ 
{is calculated from dilute solutions : — 


t ■ 

I. 

Diir. 

11. 

Dili: 

Ditr. I.UI. 

I K(;i ^‘2(5-7 

8-4 

=17*7 

DO 

ICO 

' KBi-=351 

10-3 

NaBr = 2t)*7 

D*1 

8'1 

KI =451 


Nal ~30-l 


0*3 


Tiiese values are uneorUiin within the limit of one unit. lJut 
within this limit of error, the preceding law holds good, as shown 
by the constiiucy of the diflbronccs ])etween (J1 and Hr, Br and i, and 
Na and K. 

The change in volume, Av, is, as a rule, no longer additive when 
wciikly dissociated acids are concerned ; thus 

KAc-hOG NaAc-40*0 llAc-oll 

KCl = 26-7 NaCI - 17*7 llCl - 17-1 

biff. -:2;3-9 -22.;} :{.V7’ 

The differences refer to dilferenccs in the increase of volume 
occasioned by Ac (the acetic acid radical) and (Jl. They are ecpial 
when .salts arc compare<l which exhibit the same degree of dissociation ; 
but they have an entirely different value vhen the highly dissociated 
hydrochloric acid is compared with the slightly dissociated acetic acid. 
Acetic acid also is highly dissociated at gieat dilution ; then its Av 
would diminish to about 40 5. 

If the change of volume, as defined abf>vo, is an additive proj)orty, 
the same thing of course will not bo strictly true regarding changes 
in the specific gravity, for algebmic reasons. But it is approximately 
true, because the changes of density amount to only a small part of 
the total density. In fact, it is found that the densities of normal 
solutions of Na and K compounds, e.g,f show a eonstiint difference 
when combined with the same negative component. And furthermore, 
as the changes in density «are nearly proportional to the amount of 

* J. Traubo, ZeitscJir. anurg. Chein. 3. 1 (1892). 
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the content, then the difrercnce must iilso he i)ro{)ortion;il to the 
content. 

'riicse regulariticH can be used to calculate, from a few liatii which 
arc empirically determined, the density of any selected solution of a 
salt having the ions A and 

L(jt us denote by 1)^, the density of a /x-fold normal solution of 
ammonium chloride, which is chosen as the starting-point, and let a 
and b ref)resent the differences between the densities of a normal A(J1 
solutioji and of a normal NH^B solution respectively ; then the density 
of a /A fohl normal AB solution is calculated from the formula 

(1 ~ l>^ + /A(a + b). 

'File constants a and b, which are to be empirically determined, are 
called tlic mmkdi of the respective ions. In the following table tliere 
jue given the densities of solutions of ammonium chloride, and also the 
moduli of a number of ions.- All the values refer to a temperature 
of 1 f) 



1 OeiiHitiBH of XII^Cl .Solutions. 

1 

i*oir»7 

2 

; 1 -0308 

.*{ 

1 1-0451 

4 

1 1 *0.587 

5 

1-0728 


Moduli in Units 

NHj -0; K- 289; Na-238; Li = 78 ; iBa= 734: ISr - 500 ; 
ACa-2H(); JMg-210; iMn - 35G ; AZu-410; .10(1 = 600; 

iPh-1087; .fCu - 434 ; Ag‘'=l06l. 

OUO; Br = 373 ; 1 = 733; NO.,= 163 ; ISO, - 206; (JJl.Og 
= - 15. 

'rims the density of a threefold normal solution of Sr(NO.^)o, 
which contains 1*5 g.-mol per litre, is calculated to be 

d - 1 0451 I 0 0003(500 + 163) - 1*2440 ; 
wliilo a direct determination g-avc the result 1*2422. Sometimes the 
diflcrences are considerably greater. 

Electrostriction by Free Ions. — It is very remarkable that the 
above values of Av for dissociated substances are extraordinarily 
small, being considerably smaller than the molecular volume of the 
solid substaiu'o ; iti s<nno cases (e.g, sodium carbonate, magnesium 
sulphate, zinc sulphate) they are even negative. It seems, therefore, 
that with increasing separation of ions, Av has in general a marked 
tendency to fall off ; this may he clearly seen from the exact measure- 

' Vivlson, r. A*. 73. 441 ; 77 . 80U. - Bernier, Wieti Ann, 20 . 560 (1883). 
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ments of Kohlrausch and Hallwach (sec p. 330). The effects 
hitherto observed can be most easily explained by supposing the 
solvent water to be strongly vontrnvted by the presence of free ions. It is of 
interest to know that such a contraction might be expected from the 
electric charges of the ions ; every electric liquid must sulfer a con- 
traction if, as usually happens, the dielectric consUint increases with 
pressure. It is therefore natural to suppose that the observed con- 
traction of water by dissolved electrolytes is due to the elect rostiitic 
field of the ions ; the theory of this electrostriction by free ions has 
been developed by Drude and Nernst.^ 

This electrostriction, which, according to tirni j)hysical principles, 
must always .be present, causes therefore a contraction of the solvent ; 
the increase in internal pressure thus brought about will not be 
distributed equally over the whole solvent, but on the contrary will 
be very great in the immediate neighbourhood of each ion, where a 
strong potential gradient exists, and will fall off rapidly at a short 
distance away. In many respects, howevei*, the solvent will behave 
as if it were evenly subjected to a higher pressure. In this way w(^ 
arrive at a very simple physical interpretation of the internal pressure 
of solutions (p. 249). 

Of course it must be admitted that the internal pressure may also 
be brought about by other causes ; it is found, for example, that non- 
electrolytes can also exhibit not inconsiderable values of internal 
pressure. But on the whole, a review of Tamman’s experimental 
data (p. 250) can leave, in my opinion, no doubt that electrolytes 
are distinguished by relatively high internal pressures, as the above 
considerations demand ; it is possible that the high internal pressure 
of some non-clcctrolytcs may be due to the presence of amphoteric ions, 
which must, of course, also produce electrostriction. When Tamman 
states in his monograph that the ions have no specific action, ho puts 
himself somewhat in opposition to his own data ; moreover, his con- 
siderations on electrostriction appear to me to be physically not (|uite 
sound. 

In a([iienus solution the rontiaction causvd l>y the disHoeiation of a 
Innaiy electrolyte is (»n the average 10-12 cm. Carrara and Levi-' obsTved 
that the molecular volumes of electrolytes dissolved in methyl alcolud, 
ethyl alcohol and urethane also deciva.sed with increasing dissociation ; 
Walden"* recently investigated the density of solutions of the good elect roly tt; 
tetra-ethyl ammonium icnlide in many ditferent solvents, and always found 
that increasing dis.'-ociation w'as accompanied by contraction ; tlie contraction 


^ ZeitHchr. ph}fs. Chem. 16. 79 (1894). 

- Subsequent investigations by Polowzow phi/s. Chem. 76. r»18(19n)) 

have shown, in complete agreement with the above eonsiilcrations, ll»at there is no 
contraction when dissociation into uncharged molecules takes jdace : the attfhoe rvnsider/t 
electrostriction to Ih^ the chief cause of increase in internal prej^sure. 

» aar.z. chim. Hal. 30.' It., 197 (1900). 

^ Zeitschr. pln/s. Chem. 00. 87 (1907). 
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was a]ii>roxiniately th(i s/iine in all cases, being about 13 c.c. at complete 
flis.so<iiation, i.e. only slightly different from the value found for aqueous 
solutions. 

The Refractive Power of Salt Solutions. — For the reason 
that the change of volume, on adding a salt to a solvent, must 1)6 
necessarily an additive t)ropcrty of the ions the same would be 
expectecl of the change in the specific refractive power. In fact, it is 
found to be true that the nwlecMlar refractive imwer of a salt, in water 
sol niton, is an additive jn'operty, provided that the salt is completely, or 
at huist nearly, decomi) 08 ed into the free ions ; but this may (not 
iKicessarily must) cease to hold good when electrolytic dissociation 
is slight, (lladstone^ has stated that the specific molecular refractive 
powers of similar K and Na compounds show quite constant differences. 
iiC Hlanc -^ has shown most conclusively that the same is true of the 
(liflerenccs between the specific refractive powers of acids and of their 
Na salts, in so far as the former are highly dissociated ; but not so 
when the dissociation is .slight, ic. there is a laarked dilferenve between the 
otoniic refraction of combined, hydrotjen, and that of hydrogen which is 
elec trot ytically separa ted. 

No way has yet been found to determine the specific infraction of 
jiarticular ions ; nor any method to determine the amount by whicli 
each ion changes the specific volume of water (compaie p. 410). 

It would bo simpler, but less rational, to calculate from the refrac- 
tive index instead of from the specific refractive power. The change 
ex|»erienced by the refractive index of pure water, on the addition of 
a .salt, is, at least apjiroximately, made up additively of the changes 
occasioned by the particular ions ; and, therefore, by the use of 
suitably chosen numerical values or moduli of the ions, it is po.ssiblc 
to calculate the refractive coefficients of salt solutions in exactly the 
same way that was shown to be possible for the specific gravities 
(p. 420). Thus let us dimotc by the refractive index of a solution 
(»f K('l containing p e<iuivalents per litre; then the refractive index n 
of a solution of a salt of this concentration, when the moduli of the ions 
are a and b, may bo calculated from the formula 
n f /X (a + b). 

Heudei*,’’ using tlie following refractive coefticients for KCl solutions 
at t 18' , as a starting-point, found the following moduli : — 


M- 

liu. 

I). 

m 

Ily. 

1 

1 -3409 ' 

1 *3428 

1-3472 

1-3,505 

2 

1-3198 i 

1 -3518 

1 -35 O.") 

1 -3600 

3 

1 -3583 

1-3003 

1-3651 

1 -3689 


' (Jlnd.stoJH*. /V#/7. Trttn,s\, 1S6S ; K.nnouikofT, pr. Chtm. [2], 31. 339 
- Xnfschr. phf/s. ('hnn. 4. f»r.3 (1889). 

•* .!/</<. 89. 89 (1890); also Valsou, Jahresbtr. f, Cfton., 1873, p. 135. 
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Moduli in Units 


, 

Un < 

0. 

ll;j. 

Ily. 

K 

0 

0 

0 

0 

Na 

2 ' 

2 

2 

2 

ACM 

38 


10 

41 

't;i 

0 

0 

0 

0 

Br 

37 

3S 

41 

43 

I 

1 

111 

1 

114 

1 

123 

1 

131 


Thus the refractive coefficient for u twofold normal Nalfr solution, 
and the line H«, is cidculated to Le ^ 

n = 1 *3498 f 0 0002(2 + 37) I ‘dr)?!) ; 

wliile experiment gave 1*3578. The coincidence usually is not so gootl 
as this. 

Light Absorption and Colour.— d'ho theory of eh*ct roly tie 
dissociation reijuircs that the idmrption of an elecfrohfi(\ which is completely 
(li'iSiH'iated^ should he made up additiirly from (he absorption of (he positire 
and negative in<frcdienf ; and theieforc that the colour of a dilute salt 
solution depends upon the colour of the free ions. Some argiunonts 
in favour of this view arc the well-known facts that, when in viwy 
slight concentration, all chi’oniales are yellow^, all copjicr salts are 
blue, and all salts made u[) of nothing but colourless ions— as (3, Hr, 
I, NO.p SO^, etc., and as K, Na, Ha, Oi, NII^, etc. in water solution 
are colourless, MoreoNcr, this has been recently subjected to a 
quantitative proof. Ostwald,- in particular, has iiiviistigated the 
absoi’ption spectra of a number of salt.s of permanganic acid, of 
fluorescein, of co.sin, of rosolic acid, of aniline violet, etc., and fixed 
them photogi’aphically, thus obtaining actual proof, nndistorte.d by any 
subjective influence. The paper on the .subject included some accom- 
panying illustration.s, made up of the photogi*aphcd spectra, which 
were compared with each other as exactly as possible. These repn?- 
sented a number of dilute solutions of salts cont;iining one coloured 
ion, ami contributed, in a striking way, to demonstrate the qu(‘stion 
at i.ssuo regarding the dissociation theory ; if mis found that the speclra 
of dilute solutions of salts containing the same- coloured ion are identical. 

^ In ueconlanoe witli this it has recently 1 h*ch found hy (Jhi'm-vaii {Ann. jfht/.s. rhhn. 
[8], 12. Hn, 289 (1907)) that the din'ernioo l>etvvecii tlio ri*fr;u tivi; iiidi<’t'S of salts and 
ihoir a<iuoous soUition is independent of the «lis«ocintion and is an additive properly of 
the ions. 

Abh. d. Kyi. Siirtn. Alud.. 18 . 281; XcUschr. tdnfs. Chan. 0 . f;79 (1892); 
also Ewan, Phd. Mug. [5], 33. 317 (1892). 
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The uccompanying cut (Fig. 37) shows the absorption spectra of a 
number of salts of permanganic acid, which were studied in equivalent 
solutions, in solutions containing the siime number of coloured ions : 
they all show absolutely ideFitical bands in the yellow and green. If 
we remember that the abso!q>tion of light is usually (p. 308) changed 
considerably by ve? y slight changes in the structure of the molecule, 





w 'iiH 



> 

B ''wKm 














this discovery would be very strange if it had not a simple explanation 
in the dissociation theory. 

(leneral rules for the behavioiu* of the s[)ectrum, when the ions 
unite to form molecules which are electrically neutral, have not been 
found as yet ; thus the change is (piite small when a solution of copper 
sulphate, is diluteil, but this change in the colour is clearly 
recognisable when one adds water to a solution of copper chloride ; in 
the lattei- case the original green solution gradually assumes the blue 
c(dour ot the copper ions, n clear and simple experiment. 
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Of course tlie same ion may change its colour by changing the 
value of its electrical equivalent [i.r. its valence] ; thus the trivalcnt 
chromion is violet, the divalent blue. The spectrum also changes 
when a coloured ion unites with another substance to foi m a new ion ; 
thus the negative ions of the difFercnt chrom acids have colours diHercnt 
fiom those of the free chromions. 

The Natural Power of Rotation. — Those suits which amkiiji me 

optiailhj active ion musty when in equivalent sdutionsy and when in a shite 
of complete dissocmiiony have the same power of rotation. This law was 
first established from certain measurements of Landolt,^ but the results 
of Oudemans^ are still more striking; he dcvelo{)ed the Jaw in a 
purely empirical way, and formulated it as follows. Alkaloids, in 
their salts, are independent of the acid with which they are combined ; 
and optically active acids are independent of the nature of the metal 
with which they are combined : these show the Siime rotiition, at the 
same degree of concentration ; thus the molecular rotation of the 
following s;ilt8 of quinine acid, as measured in about 1th normal 
solution, were nearly identical : — 

K = 48-8; Na-48-9; NH, = 47-9; Ha -46*6; Sr- 48*7; Mg =4 7*8. 

The power of maijnetic rotation i.s also an additive property, as is 
inferred from the investigations of Jahn.**^ It should also be mentioned 
here, in brief, that, according to the investigations of (I. AViedemann,’* 
the atomic magnetism of dissolved salts of magnetic metals is in- 
<lependcnt of the nature of the acid (sec p. 348), and the phenomenon 
of Jluorescrnce can be shown by ions as well as by elocti’ically neutral 
molecules.'' 

Ionic Mobility.— Ostwald, Walden, and especially Bredig,'' investi- 
gated the relation between the chemical nature of a number of anions 
and cations and their mobilities (sec Chap. VIII.) Jis deduced from the 
limiting values of the molecular conductivities. The relations so far 
known are chiefly the following : — 

The mobility of elementary ions is a marked periodic function (f 
their atomic wevjhty and rises in each series of similar elements when 
the atomic weight increa.ses until the latter reaches the value 35. 

Compound ions travel equally fast when they ai*c isomeric and (d 
pfpual deyree of suhstiintion with respect to the dissociating group ; thus 
we find equal mobility for 

the anions of ortho-toluic acid CIl3.Cyi4.COOH (29*0) and a-toluic 
acid (yi,,.CH2.COOII (29-8) ;* butyric acid CH3CH2CII2COOH 
(30*7) and isobutyn’c acid (CIQgCHCOOIl (30*9); 

^ AVr. 0. 1073 (1873) ; W. Ilartnianii, iV/iV/. 21. 221 (1882). 

2 ffeihi, 9. «35 (1885). Wied. Ann. 43. 280 (18JJ1). 

^ art. “ Ma^nietiHinuh ” in f.a<l<*iilnirg’s /Itmdtettrferhnrh, 7. (1889). 

ComiMire thr interesting stmly of HnekiiiKliani. Zeilsrhy. fdufst. CJunt. 14. 129 
flS94). XeitHc.hr. I'hftn, 13. 242 (1894). 
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the cations of propyl amine CPIgCHgCHgNHgOH (40*1) and 
isopropylamine (Cfl 3 ) 2 (HlNH 30 H (40 0) ; 
on the contrary, when the degree of substitution is not the same the 
m(»hilities are une^iual as with the 

cations of propyl amine C.JH 7 NH 3 OII ( 101 ) and trimethyl amine 
(Ciy^NIIOIl (47*0). 

The higher the degree of substitution of isomeric ions the faster 
they travel. 

The substitution of the same group in difiorent ions alters the 
molality in the mme .srv/.sv’ ; mobility in general falls off with increase 
in the number of atoms, but less so when the number of atoms is 
already large, so that the mobility tends with increasing complexity 
of th(5 ion asymptotically to the minimum value of 20 (the fastest ions 

f 

arc II 218 and 011 174). Numerical relations have not been 

established on account of numerous imperfectly known constitutive 
influences. 

Systematic R6sum6 of the Properties of Ions.— In the study 
of any casual physical property of a salt solution, the first attempt 
made is to give it an additive form. 4Tiis is usually very simple 
in the case of the so-called “ uni-lateral ” [or “ one-sided ”] properties 
(p. 1 1)7), lx, those where the dissolved substances alone are efficient, 
but not the solvent. Thus the conductivity, the colour of a substance 
when dissolved in a colourless solvent, etc., are “uni-lateral” pro- 
perties ; but not the density, the refractive power, the internal 
friction, and the like, because here the solvent contributes to the 
values measured. In the latter case it is first necessary to determine 
the very interesting action exerted by the dissolved suhstf(nee. We 
have, in the preceding sections, several illustrations of the way that 
this is done in special cases. 

When the property in question has been finally brought into an 
additive form, as by combining it with another property, according to 
circumstances (as, ejj., by combining the refraction of light with the 
density), then there remains the further (picstion, lltfw foe does each 
povlieidov ion eontvihnte to the observed value of the property ? 

In certain instances, only one ion is active, as in the case of salts 
where a coloured or an optically active radical is combined with a 
(colourless or optically inactive radical ; then in such a case the preced- 
ing question answers itself. In other cases, the attempt to answer 
the question has not met with good success, as shown, in the 
increase of the volume of water on dissolving a salt ; on the other 
hand, the attempted explanation was successful in the conductivity, 
and in the capacity of difrusion, i.e, in the case of those properties 
regarding the nature of which we have some clear concej)tions. 

Not until those preliminary questions arc solved can wo undertake 
with safety the investigation of the problem as to hoir far the projurties 
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(msidered are dependent njm the nature of the mu Hut, in general, it 
may be predicted that the property will have a more or less decidedly 
amtitiifive nature ; hence the same considerations may be applied here 
which we brought forward in the paragraph on the properties of 
electrically neutral molecules (p. .‘175). 

Moreover, in addition to the composition and constitution of the 
ion, it appears that sometimes another factor in the case of ions is of 
considerable importance, n.amely, the matunitmle of the electric chanje^ 
since the same ion may conduct itself with varying electrical valencies. 
This question regarding the influence of a change in the electric 
charge on the physical properties, although interesting in many 
respects, has not yet been subjected to a systematic examination. 

Finally, regarding the electrolytes which arr not completely disstH'iated^ 
the question arises, What part of the obsei ved value of the rcsj)ectivc 
properties of the dissolved substances is due to the electrically neutral 
components, and what part is due to those which are dissociated ? 
This question decides itself in the conductivity, since the dissociated 
part alone is active. Hut in every case where the problem is settled, 
we have a method for determining the degree of electrolytic dissmation. 
The most important result of the two preceding chapters can be stated 
in the theorem : that the ions shmc atl the properties <f ordinary molecules 
(fs well ((S certain new ones due to the electrical charge. 



CHAPTER X 


THK ATOMISTIC! TITEORY OF KLECTRKJITY 

General. — In tho two foregoing chapters we have been concerned 
with the properties of free ions, that is, with pof^itively or negatively 
charged molecules ; in the third book we shall sec that the theory of 
free ions is of tho greatest importance in understanding numerous 
chemical processes. 

We are thus naturally led to tho c[uestion of the nature of 
electricity itself, a problem which certainly belongs more to the region 
of pure physics, but is of such extreme importanc'e for the theoretical 
chemist that some mention of it appears to be in place here, the more 
so Jis a chemical conception of electricity has come forward in recent 
times. 

It is not superfluous to warn the reader against a misunderstanding 
of th<5 recent development of electricity which was associated with the 
names of Maxwell and Hertz — a misunderstanding that is somewhat 
widespread, and which makes tlie following theory difficult or impos- 
sible to understand. It is generally known that recent physics has 
beem occu})ied with electrical vibrations ; it is clearly under this 
influence that a notion has arisen that the so-called fluid theory of 
electricity regarding the latter as a corporal agent is superseded, and 
now one often finds the entirely needless supposition that electricity is 
a state of vibration. The electromagnetic theory of light has given a 
conclusive proof that the phenomena of light, which have long been 
referred to wave motion, are closely connected with electrical pheno* 
mciia, or, in other words, that there is no essential difference between 
optical and electrical vibrations. Hence optics has become a special 
chapter in tho theory of electricity, just as has long been the case 
with magnetism. But the (question as to the nature of electricity 
remains the same as before. 

This may be made clear by an example. Physics has shown that 
the sensations of tone are to be attributed to vibrations of the air, 
hence acoustics becomes a special branch of hydrodynamics, viz. the 
theory of vibrations of gaseous substances. If any one were to say on 
tho strength of acoustics that air was a state of vibration, the absurdity 
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of this expression would he obvious ; yet the same false coiielusion 
has been drawn recently with regard to electricity. Purely chemical 
investigations have shown us the nature of air, and the <levelopment 
of acoustics has hardly even contributed a detjiil towards it. Similarly 
we may look for knowledge of electricity, and perhaj)s also of the 
luminiferous ether, to investigations that have a greiit similarity to 
the methods used in chemistry. 

Ion and Electron. — The consideration of electrolytic phenomena 
has shown that the (piantity of free electricity which the ions are 
capable of taking up is as invariable a (piantity as that of the atoms 
of the chemical elements ; the simplest explanation of this behaviour 
is that put forward by Helmholtz^ that electricity itself has an atomistic 
structure, that therefore we must assume the existence of poaiiiir and 
netjative demen tar f/ partides. 

Just as the law of constant and multiple proportions was unintel- 
ligible without an atomistic conception of matter, so the existence of 
ions — that is, of atoms or radicals which are always capable of taking 
up a defined quantity of free electricity, or twice or three times that 
(piantity — would be quite unintelligible if electricity were a continuum. 
Hut if we attribute an atomic structure to electricity, which we know 
is as indestructible as matter, and can l)o regarded as an elementary 
substance like the chemical elements, it is clear that each ion can ordy 
combine with a whole number of electrical elementaiy particles. 

Thus we have to assume two new univalent elements whose atoms 
exert no, or very little, Newtonian attraction on the other elements but 
act on each other, similar atoms repelling each other, and dissimilar 
attracting (Coulomb’s law). We shall use the signs © and 0 as 
symbols for these elements, and call their atoms [)ositive and negative 
electrons. The chemical (compounds of these two univalent elements 
with the others are to })e considered ions ; Faraday’s law is then 
nothing else than the law of ccjnsbint and multiple pr(>[)ortions, 
applied to the compound atcmis of ordinary elements with the positive 
and negative electrons. 

+ 

The compound II©( ^ H) arises by substitution of a p(isitive 
electron in a molecule of hydrochloric acid (HCl) in the place of the 
chlorine ; similarly, if a negative electron be substituted for the 
hydrogen, we obtjiin the compound Cl0( ^ Cl) ; double substitution 
of negative electrons in the molecule of sulphuric acid in the 

place of hydi ogen gives the compound q( SO^), and so on. 

This formation of free ions comes into the scheme of valence ([>. JOf*). 
The dualism which is found in the valence theory, and which le/ids to 

^ Die neuere Enftvicklunff von Farodnya tdeen iiJher Kleklrizitnt (1881), Voricinjc 
und Heden, 4th ed. vol. ii. p. 261 ; fics. Abh. iii. p. 97. 
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a distinction into positive and negative ejemonts, is to be explained by 
the faculty of some elements (such, for instance, jus strongly positive 
hydrogen) to combine with positive electrons, with others (such, for 
example, as strongly negative chlorine) to combine with negative 
electrons. 

The ions behave as saturated chemical compounds in the sense of 
the valence theory, as may be seen from their behaviour towards 
molecular compounds ; as wo saw on p. 408 that ions are capjible of 
replacing ammoniji molecules in the platin-ammoniji compounds. 

The relation between positive and negative electrons recalls that 
between optically isomeric twins (p. 320). It is a question of much 
imi)ortancc whether fi compound of the positive and negative electrons 
(©0 “Ueutron, an electrically neutral massless molecule) really 
exist ; we shall Jissume that neutrons are everywhere present like the 
Juniitiiforous ether, and may regard the space filled by these molecules 
as weightless, non-conducting, but electrically polarisable, that is, as 
possessing the properties which optics {issumes for the luminiferous 
ether. 

Free Electrons. -The chemical theory of electricity put forward 
above raises the (piestion whether the elementary atoms of electricity 
can be isolated, or whether they are only found in chemical combina- 
tion with ordinary atoms or radicals. 

The following consideration ^ nuikes it probable that free electrons 
can exist at least momentarily. If we consider the chemical equilibrium 
(see Hook 111. (Jhap. I.) 

Ci -f Hr - Cl + Br 

which exists kiuetically in aipioous solution, we must suppose that nu 
exchange of negative electrons occurs between the bromine and 
chlorine Jitoms, and hence we Jire driven to Jissume that the electrical 
atoms must be capable of independent existence apart from matter at 
least momentarily. The question as to the iimount of free electrons 
in tlnit or similar cases has not been answered so far. 

It has been found possible by two (juite different inojuis to isolate 
at IcJist negative electrons, that is, to get them free from oi-iginal 
nnitter. (Jloscr investigation of the cathode rays discovered by 
Ilittorf has led to the knowledge (Wiechert, 1897) that they consist of 
negative electrons projected with great velocity. By studying the 
action which electrostatic and electromagnetic fiehls of force exert on 
the ciithode rays, it luis been found possible to measure the velocity of 
those electrical particles with certainty ; according to W. Kaufmann's 
measurements^ for discharge potentials of 3000 to 14,000 volts, it 
amounts from 0*31 to 0*68 . 10^® cm. per second, that is, from to 
about \ of the velocity of light. 

^ Nernst, Rer. heutsch, Chem. Oes, 30. 1C63 (1897). 

See also Riecke. Lehrbuch tier Physih, 2nd cd. vol. ii. p. 348 ff. 
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As we shall see in Chap. XIII. of this book, the Ilecquerel rays 
also consist partly of free negative electrons ; their velocity in these 
rays attains a value of 2*8 x 10^®, that is, only a trifle less than the 
velocity of light (3 x 

It has not so far been found possible to prove the existence of free 
positive electrons in any similar way. Proljably the positive electron 
has much greater affinity for ordinary atoms and ratlicals than the 
negative, so that its isolation is much more diflicult.^ There apj)ears 
to me at the present time to bo no reason to doubt that positive 
electrons might be isoliited. 

For numerous details, t‘sp3cially on the experimental side of this 
remarkable region of invei>tigation, see the exposition by K liiecke, I.fhrbuch 
der Phifsiky 5th ed. vol. ii. p. 333. 

The ffict that mgative electrons can be projected by elect I’osta tic forces 
in the cathode rays, and by chemical forces in tin* Hec((uerol rays, and that 
they travel with constant velocity (in a vacuum) shows that, likc‘ ordinary 
matter, they poss(‘ss a certain inertia or mass. This mass am lx* calculated 
from the magnetic; or electrostatic deviation of the rays, and lots been found 
in the cjithode rays to be of the mass of a hydrogen atom. Hut this 

mass is considerably greater at higher velocities. A]>pai'ently it is not 
mass in the ordinary sense, but an inertia of electromagnetic character, due 
to the action of the moving electrons on the luminiferous ether. For 
details of this, and other important phenomena relating to it, s(*e the 
excellent paper by J. Laub, “lle.lativitatsprinzip,” »Adj/'fc/o7i//Vr Hadioaktivitdt^ 
1910, p. 411. 

It should be mentiomd that the theory given by Lorentz of the Zemnann 
phenomenon (see Itiecke, l.c. p. 528) is based on the vibrations of free 
m*g;itive electrons round positively charged metallic atoms, and that, in 
this case also, the mass of the negative electrons is about the sann*. as in tin; 
cathoile niys. 

Action of Electrons on Gases. — The rays of electrons are 
characterised by their [)enetrative power, by thtur electiostatic and 
electromagnetic deviation, by their action photographic plates, and 
by the phosphorescence they produce. All these actioris therefore are 
due to the enormous velocity of the electrons ; it is thei’efore of great 
importiince that we possess indic.atiuns of slowly moving or motionless 
electrons in the action of electrons on gases. 

It has been observed in fact that electrons immediately form ions, 
that is, electrically charged molecules in a gas ; it is true that the ions 
are of quite a different kind to those known in the theory of electro- 
lytic dissociation. To distinguish these from the electrolytic ions, 
since they are produced only in gas, avc shall describe them .as 
gas ions. 

The numerous observed facts on this subject may bo simply shown 

^ Sec Nernst» Bedentuug elcklriHcher Mettwden und Theoricn /iir du (IhcmiCy Got- 
tingen, O. Vandeiihoek n. Kiiprecht, 1901, p. 26. 
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and described by moans of the following conceiitions. ^ With free 
electrons in a ni.'iss of gas, for example air, e.‘ieh electron attaches to 
itself a ccrbiin number of molecules of the gas and so forms a (jas ion ; 
if the velocity of the electron is very great, it may pnxluce a relatively 
laigo number of positive and negative gas ions. 

The formation of gas ions may be most simply conceived as due to 
the dielectric attraction of the free electrons of the gas molecules, 
just as on p. 4 21 we were obliged to assume that an electrolytic ion 
HUiTouiided by a sheath of water molecules can cause a contraction of 
the solvent. The complex thus produced must go into thermal 
e<|uilibrium with the other molecules, that is, it must assume an 
amount of kinetic energy corresponding to the temperature of 
the gas. 

If the free electron possesses a very high velocity, it may break up 
a large number of neutrons in the course of gradually losing its excess 
of kinetic energy, that is, it may form new |X)sitive and negative 
electrons, each of which, according to its kinetic energy, will either 
form a g.as ion at once, or will break up fiesh neutrons. 

As with electrolytic ions in a solvent the gas ions impirt a certain 
conductivity of the gas. Cathode rays which penetrate into a gas 
through a thin metallic window from a Gcissler tube, or Becqucrel 
rays, projected by a radio-active preparation brought into a mass of 
gas, give to the gas a noticeable conductivity, since the negative 
electrons thus entering with high velocity produce a considerable 
number of positive and negative gas ions. 

This conductivity, utdike the ordinary electrolytic conductivity, is 
not stable or lasting, but recombination of the gas ions, or, more 
correctly, the combination of the electrons contained in a positive gas 
ion with the electron contained in a negative gas ion, causes it to 
disfippcar in a short but measurable time. Hero also, then, is an 
im[K)rtant dilferenco between the electrolytic and the gas ions : in the 
formei’, C(|uilibrium is produced in an immeasurably short time ; in the 
second case (piickly, but not so fast as to prevent any measurement. 

^laiiy ine.'isuronientfl have shown that the law of Cluldb*ig and Wia/ige 
(l5()ok III. (diap. I.) is applicable to the reconihinatiou of tlie gas ions ; if ?/ 
is the conccutration of ])asitive, and y of positive ions, wi*, have 


usually hut not always y can he put ~y. Apparently the gas molecules 
with which the free electrons are loaded cause tlie recoinbination of the two 
kinds of gas ions to he measurably slow, though probably the rea<‘tion 

0 + 0-00 

^ Soc tlie detailed exiiositiou by J. Stark, ICieHrhiUU m Oasen^ Leipzig, 1902, 
AmbrosiiiH Barth ; a short but extraordinarily clear and precise summary by Laiigevin, 
Rcchen'Iu’n stir tfiix ioni^hf These, Paris, 1902 ; Antt. chim, phys, [7], 28 . 289 and 
43;j (190;3). 
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with a protiigious velocity, since a vacuum, tliat is the himiniferous ether, 
cannot be made conducting. 

It is of very great importance that the chemical nature of the g-as 
is of secondary consequence to the degree of ionisation ; ^ this is in 
accordance with the views put forward here, that the process of 
ionisation consists primarily in the dissociation of neutrons, while the 
gas molecules play only a small part in forming a sheath round tlie 
free electrons in consequence of <lielectric forces. According to the 
customary view that ionisation consists primarily in breaking tip 
the gas molecule into a positive ion and a free negative electron it 
might be expected, contrary to the observations, that the chemical 
nature of the gas would be of as much imporUince as in electrolytic 
dissociation. 

Other Methods of Formation of Gas Ions.--— (bases can be 
made coinlucting by various ways other than by rays of negative 
electrons. Apparently the reaction 

©©=©+© 

is always produced by a sufficiently high potential gradient, such, for 
example, as that at a charged point, when gas molecules are present 
which can attach themselves to the free electrons and so delay their 
recombination. At any rate ga.scs can bo made dccidetlly conducting 
])y means of the so-called point discharge. 

Riintgcn rays have a very strong ionising influence on gases ; it is 
not unlikely that the violently impulsive ether waves, sueh as Rontgen 
rays are supposed to be, produce potential (liffcrenccs cajiable of 
decomposing neutrons. 

Whether the ionic content of Hanie gases is duo to spontaneous 
formation of gas ions by high temperature is doubtful ; it must be 
observed in passing that at high temperatuies gases possess a certain 
amount of stable conductivity which depends largely on the chemical 
nature of the substance, and must be due to ordinary clcctrolyl-ic 
dissociation. 

Mobility of the Gas Ions. — The number of gas ions present in 
the gas at the highest degree of ionisation hitherto produced is very 
small compared with the whole number of molecules in the gas, less 
than one gas ion in a billion gas molecules.'^ Hence the g/is ions, 
like an extremely dilute electrolytic solution, must have a mobility 
independent of their concentration. 

^ See Stark, Lc, p. 74. For distinction from the .staldc electrolytic dissociation of 
solutions anti molten salts, the transitory comluctivity of teases by means of gas ions 
may be described as ionisation. 

Our kiiowletlge of gas ions is mainly tiue to the valuable investigations of J. J. 
Thomson ami his students (Rutherford, Zeleiiy, McClellaml, Wilson, Townseml, ami 
others) in Cambridge, 1897 to 1900. Langevin, l.c. p. 322. 

2 F 
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The conductivity K of an ionised gas is therefore 
K = k7; + kV, 


where r; and // are the concentrations, k and k' the mobilities of the 
positive and negative gas ions. 

The values of k and k' have been obtained by widely ditfering 


methods : without going 

into experimental details 

we will 

give here 

the most reliable values given by Zeleny.^ 





k. k'. 

k' 

k' 

I 

' Tfirnp. 1 

1 i 

Dry air 


1-36 i 1*87 

1 -37 

. 1 

Damp air 


1 -.37 ' 1 -51 

I 1*10 

14 i 

Dry oxy^cjii . 


1 -.30 1 1 *80 

; 1 *32 

D 1 

Damp oxygm) 


1-29 l*r>‘2 

1*18 

10 1 

Dry carhoii (lioxi<le 


0-7t) 0*81 

1-07 

17-5 : 

1 Damp carl)Oii dioxidn . 

* 

0-82 0-75 

0-92 

* 17 i 

1 Dry hydrogmi 


(>•70 7 ‘95 1 

1*19 

20 

1 Damp liydr(»^(m . 


i)-;i0 5 -GO 

: 1 -Of) 

20 ; 


The numbers are the velocities in cm. per second which the gas 
ions assume with a ])otential gradient of 1 volt per cm. 

On comparison with the mobility of the hydrogen ion (p. 402) we 
see that the positive ions in dry air move some 400 times faster under 
the same potential gradient ; evidently the friction of the ions in air 
must be very much smaller than in water ; the positive gas ions in 
hydrogen travel 2000 times faster than the hydrogen ions in water. 

In spite of these relatively great moliilities the conductivity due to 
ionisation in gas is very small because the content in gas ions, as 
remarked above, is less than 10“^“ of the gas, or since the latter at 
atmospheric pressure contains only of a mol per litre the normality 
only reaches about 0*45 . 10"^^ Even in hydrogen, in which wo have 
seen the mobility is 2000 times that of the hydrogen ion, the con- 
ductivity is only of the same order of magnitude jis that of an acid 
solution of 10"^® normal. Consequently the conductivities of the 
ionised gases must usually be determined by electrostatic measure- 
ment, but even the small amount of electricity required to charge 
ail electrometer usually causes noticeable changes of concentration in 
the gas ions. Conseipiently the methods of investigation of the 
conductivity of ionised gases differ considerably from those for the 
investigation of electrolytic conductivity. They cannot be discussed 
hero however. 

The numbers given above for the mobility lefer to gases at 
atmos])heric pressure ; according to the kinetic theory (p. 204), the 

^ Phil Trans. 196. 193 (1901). 
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mobility of a gas ion must be inversely proportional to the number of 
collisions it makes with the gas molecules ; in other words, it must 
increase in inverse proportion to the pressure of the gas. 

This conclusion is confirmed by measurements made at pressures 
of 0*1 to 0*:2 atmospheres ; for lower pressures than this the mobility 
increases much faster than inversely proportionally to the pressure ; 
this is the case especially with the negative gas ions.^ 

This result clearly means that at low pressures tlie number of gas 
molecules which surround the electron diminishes, and that hence the 
gas ion is more mobile. The circumstance that this diminution is 
more noticeable in the negative than in the positive gas ions confirms 
the conclusion drawn on other grounds that the positive electrons hold 
ordinary matter more firmly than negative ; so too the invariably greater 
mobility of the negative ion as compared with the positive (see the 
k' 

ratio ^ in the table, p. 434) shows that the number of gas molecules 

attached to a positive electron is greater than to a negative. 

The great influence that water vapour exercises on the mobility, 
and also, as may be seen from the tjible in the following section, on the 
difiusivity, is clearly to be attributed to the greater number of water 
molecules which attach themselves to electrons, perhaps oii account of 
their greater dielectric constant (see also the next section). 


Diffusion of Gas Ions. — The theory of the diffusion of electrolytes 
in dilute solution given by the author is applicaldc without change to 
the diffusion of gas ions. The diffusion coeflicient is therefore, 
according to p. 400 (1), 


1 ) = 


2UV 

U + V 


RT 


( 1 ) 


Here, if instead of volts we introduce absolute units, 
U k. 10-» V-k'. 10 ^ 


We have found for the gas constant of univalent ions, p. 402 (0), 
RT=2351 10« 


and since an equivalent of an n-valcnt ion jmssesses one nth of the 
osmotic pressure we have for n-valent ions 




2-351 
n 273 


10 «, 


and thus finally 


2kk' 0-02351 T 
k + k' n 273 


( 2 ) 


* See Laiigeviii, l.e, p. 514. 
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Towiisciid * has given the following values of the diffusion constant 
at 1 5 (cm.“ scc.^) : - - 



1 

_ L 

Obs. 

Cal. 

Air dry .... 

. ! 

1)--- 0*0347 

0 0391 

Air damp 

. 1 

D = 0*033.^) 

0 03.56 

Oxygtui dry 

• 1 

I)-0 0323 

0*0384 

' ^b\yg<‘ii damp . 

1 

• i 

I) 0-0323 

0 0386 

' (Carbon dioxi<h' dry . 

1 

I> = 0-024.^) 

0*0194 

(Jarbon dioxide damp 


1)-T 0*02.5 

0 0194 

Hydrogen dry . 

• 1 

1) .-0*1.56 

0*180.5 

Hydrogen djimj) 

I 

I)-0*13ri 

0*131.5 


According to p. 206, the diflusion coefficient, for example, of 
into NOy is 0*089, and since these two gases have almost the same 
fVc (3 path and molecular weight, the diffusion of carbon dioxide 
molecules in carbon dioxide (Maxwell’s Diffusion into itselj'') must 
he crpially great. Now we saw, p. 405, that an electrolytic ion has 
about the same mobility as an ordinary molecule : we may therefore 
reasonably expect that the mobility, and hence the diftusivity of a gas 
ion wouhl be the same as that of an ordinary molecule if the two are 
of the same magnitude. We find, further, that in carbon dioxide — 
and other gases behave similarly — the gas ion travels only about one- 
third as fast as the carljon dioxi<le molecules (0*0245 as compared 
with 0‘()89) ; hence the assumption is made very plausible that a 
greater number of molecules is grouped round the electron in a gas 
ion (Ijangcvin, Lr. p. 332, assumes that there are 7). 

(Carrying out for gas ions calculations analogous to that on p. 402, 
wo fiml agreenuuit between the observed and calculated diffusion 
coefficients when 

11 - 1 ; 

this indicates that a (jas ion is electrically nuivalent^ that isy it is only a 
simjle positive irr negative electron. 

Wo saw on p. 399 that the diffuniou <»f an eloctrolyto produces potential 
dilferonees when the jnohility of the ]»osilivo and negative ions is different. 
The, corresponding phenomenon for ga.s ions has been demonstrated by 
Ztdeny,- who stated that a metallic conductor dipping into an ionised gas is 
negatively charged because the more mobile negative gas ions diffused to it. 
faster than the positive. 

Condensation by Gas Ions. — AVhen air saturated with water 
vapour is expanded it cools, and therefore becomes supersaturated 
with water, Avhich, when there is dust in the air, condenses to form a 

^ Physihilisehe ZeUschrifU 1. 313(1900) ; iiiorefiillv, Phil. Tmns. 193. 129 (1889). 

Phil. Mng. 40. 134 (1898). 
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cloud ; when the air is free from dust it remains supersaturated ; hut 
when the supersaturation is sufticiently great, gas ions are C4ipable of 
acting as centres of condensation, so that we liave an importfuit new 
means of detecting them. 

J. J. Thomson,^ who, with his students, cleared up this phenomenon 
by his brilliant researches, showed that when the ratio of expansion 
is greater than 1*33, both the positive and negative gas ions act as 
nuclei for the condensation of cloud drops : if it lies between 129 and 
1 -33 all the negative but only some of the positive ions act as nuclei. 
When the ratio of expansion is between 1*27 and 1*29 only the negative 
ions act as nuclei ; and below 1*27 these cease to be effective. 

The action of the gas ions just described is probably, like Ihe attaelinient 
of gas nioleenles to the electrons, referred to dieh‘ctrie forces ; in the last 
chai)ter of this l)Ook we slnall return to this ))henonienon, which is of the 
greatest importance for atomic concejitions. It is especially remarkable 
that the negative ions ]>rodnce condensatitai more strongly than the 
2 )ositive. 

Direct Measurement of the Charge on an Ion. — Millikan 
has lately developed an experimental method by which the absoliito 
value of the charge on an ion can be determined directly, and practic- 
ally without any assumptions. Air, contained between the horizontal 
plates of a condenser which are about 1 millimetre apart, is filled with 
tiny oil drops in a state of suspension. These are illuminated by a 
side light, which gives them an electi iciil charge owing to the photo- 
electric effect, and the charge can be altered at will by Ibhitgen rays 
or radioactive preparations. By varying the j)otential difference 
between the two plates a selected oil drop, which can bo observed 
with a microscope, can be given any required velocity upwards or 
downwards, and this velocity can be measured with great accuracy. 
From the diameter of the spherical drop, and the viscosity of air, the 
resistance to the motion of the drop, which is always slow, can be 
calculated ; the only unknown factor is the electrical charge, which 
can therefore be determined with great accuracy. The experiment 
loads to the most remarkable result, that the charge mn not be altered 
contimwusly, hut only m jumps; the charge is therefore so small that it 
must consist of a limited number of electrons. It is therefore possible 
not only to prove decisively the atomic structure of electricity, but 
also to measure the absolute magnitude of the amount of electricity 
associated with one electron. 

The following table contains the result of one experiment lasting 
four hours ; the first column contains the number of electrons on the 
drop, the second the corresponding charge (in arbitrary units), the 
third the observed charge : 


1 Phil. Moug. [5], 48 . 528 (1898) ; [6], 6. 346 (1903). 
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; 4-017 xn. 

1 

1 

Ob8erve<l 


. 

n. 

4-017 xn. 

Obhervcd 

II. 

4- Charge. 



-f Charge. 

1 

, 4-917 




10 

49-17 

49-41 

2 

9-834 




11 

54-09 

53-91 

;i 

14-75 




12 

59-00 

59-12 

4 

19-66 

19-66 



13 

63-92 

63-68 

r> 

24-59 

24-60 



14 

68-84 

68-65 

() 

29-50 

29-62 



15 

73-75 


7 

34-42 

34-47 



16 

78-67 

78-34 

8 

, 39-34 

39-38 



17 1 

83-59 

83-22 

9 

41-25 

; 1 

44-42 

1 



18 i 

1 

88-51 

1 



This table shows that during the experiment the charge on the 
(lro{) varied from 4 to 1 7 electrons, and that the charge never changed 
steadily, but always by jumps of the same magnitude. 

We shall return in the last chapter of this book to the conclusions 
tluit can l)e drawn from such measurements as to the absolute magni- 
tude of electrons and atoms. 

Positive and Negative Elements. — The electron theory allows 
us to form a clear picture of the relation between the dualistic 
and unitary conceptions. The different elements and radicals have 
different chemical affinities towards the positive and negative electrons; 
those which have a strong tendency to combine with the positive 
electi’ons form positive groups of elements ; similarly negative elements 
are characterised by their affinity for negative electrons. Besides 
this, different elements exercise a chemical attraction on each other 
which is not of a polar character. Accordingly, two atoms of an 
element may form a stable chemical compound without any action on 
the part of the electrons ; the stability with which the two hydrogen 
or two nitrogen atoms unite with one another in the molecule is an 
example of this. Tlie same is true of many of the compounds of the 
metalloids with each other, such as iodine chloride, phosphorus sulphide, 
and so on. So ^too the metals make numerous compounds with each 
other, in which we have no reason to suppose that the electrons take 
part. Carbon especially, which forms a transition between the well- 
marked positive and negative elements, reacts with both groups of 
elements, and since electrons seem here to be out of the question, 
a purely unitary conception of the carbon compounds is possible. 

But so soon as a positive and a negative element react with one 
another we have separation of ions, that is, the additional separation of 
a massless electrically neutral molecule is associated with this chemical 
process ; it is remarkable that this process involves a far deeper 
change in the ordinary behaviour than one in which the electrons do 
not take )>art ; whilst the compounds of the metals with each other 
retain their metallic character, and similarly, compounds of metalloids 
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recall the properties of their components, when a metal reacts with a 
metalloid something entirely new and peculiar is produced. Sub- 
stances like sodium chloride show the greatest possible difference of 
character from that of their components, and in the formation of such 
compounds clearly the chemical forces acting are the most intense. 

It is of course possible that in the non polar reactions electrical 
forces are in the background, just as it has often been hoped to refer 
the Newtonian attraction to electrical phenomena, as has been accom- 
plished with optics. That, however, is a matter of the future ; at 
present it is necessary to distinguish the forces of polar character from 
unitary actions. 



CIIAPTEK XI 


THE METALLIC- STATE 

General. — Matter is found in a singular condition as metal, and 
although transition stages are known, there is on the whole a shaip 
distinction Ijc tween this and the non-metallic state. 

The noticeably distinct position of the metallic substances may 
bo seen in the first place in their facility for combining to form 
homogeneous mixtures with one another, but not with non-metallic 
su])sUnces ; no single non-metallic solvent is known for any metal 
apart from obvious cases of chemical combination, nor are any cases 
of isomorphous mixtures of a metallic and a non-metallic substance 
known. ^ Selenium forms a very characteristic example of this; its 
metalloid modification is soluble in carbon bisulphide, while the 
metallic foimi is insoluble. 

A second, and perhaps the most important, criterion for the 
metallic state is the power of conducting electric currents “ metallmilhj” 
that is, unlike electrolytic conduction, without any transport of 
matter; metallic and electrolytic conductors behave so diflercntly 
that they are distinguished as conductors of the first and second class. 

The opacity of metals is closely related to their electric con- 
ductivity ; there are no known non-metallic substances which are so 
opa([ue in thin films as the metals. According to the electromagnetic 
theory of light, the opacity of the metallic state is due to the fact 
that conduction in the metal takes place without transport of matter, 
in conti-adistinction to electrolytic conduction ; metals behave, there- 
fore, as good conductors even towards electric oscillations as rapid as 
the waves of light. 

It is noteworthy that metallic conductivity is usually at ordinary 
temperatures of a' much higher order of magnitude than the highest 
known conductivity of electrolytes, and it seems from numerous 
observations that metfdlic conduction would assume enormous values 

' The fact that hydrogen and tlie otlier gases, for wliich many non-metallic solvents 
ai ‘0 known, are also ocehuled by many metals, may perhaps be regarded as an exception, 
but occlusion by metals is probably merely a phetiomeiion of adsorption, p. 125. 
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in the neighbourhood of the absolute zero of temperature, at which 
electrolytic'conduction would almost vanish ; and on the other hand, 
at very high temperatures, whilst electrolytes gain considerably in 
conductivity, metallic conduction tends to cease. 

Certain partly conducting materials, such as carbon, silicon, 
tellurium, and similar elements, lie on the boundary between the 
metallic and non-metallic states.^ Metallic conduction in chemical 
compounds is rare and not well marked.- 

The characteristics of the metallic state vanish in gases ; vapours 
of metals mix with all other gases and show no trace of metallic 
conductivity. 

Metallic Solutions. — The general behaviour of liquid metallic 
mixtures is quite analogous with that of mixtures of non-metallic 
substances. Metals are known, for example lead and tin, which mix 
in all proportions in the liquid state and ])ehave in this respect 
therefore like water and alcohol ; others, such as zinc and lead, form 
two separate layers, which only dissolve each other to a small extent, 
and recall the behaviour of water and ether. 

AVhen a liquid mixture freezes, usually one of the components 
separates out in the pure state first, and in the same way the 
components of a metallic mixture can usually be separated by 
fractional distillation. Conseciuently the thermodynamic theory of 
metallic mixtures follows the same lines as that for non-metallic 
substances, and, in particular, molecular weight determinations in 
dilute solution can be made on metals as on other substances. The 
most important result that has been obtained in this respect is that 
the metals in dilute solution are for the most part mmatomic ; this 
has also been shown by vapour pressure determinations for mercury 
and cadmium vapour ; it is of course possible that the dissolved metal 
forms a compound with the solvent, but this can only contain a single 
atom of the dissolved metal. 

The dissolved metals, like ordinary dissolveil materials, show the 
phenomenon of diffusion^ as might be expected, since they obey the laws 
of osmotic pressure. G. Meyer ^ has shown that the diffusion constiints 
of metals dissolved in mercury arc of the same order of magnitude as 
those of the salts in water, and that this is also true of the frictional 
resistance. Metidlic powder can be welded at high pressure, as has 
been shown by Spring ^ in a series of interesting researches, so that 
even solid metals are capable of diffusing into each other (see also 
p. 164). 

Metallic Alloys. — The components of a mixture of licpiid metals 

^ Sec also the arrangement of the elements p. 179. 

“ See also Streintz, Leitvermiujen tjepresHler l*»lT.er^ Stuttgart, 1903, F. Enke. 

» Wied, Ann. 61. 225 (1897). 

^ Zcitschr. phys. Viiem. 16. 65 (1894). 
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can be deposited on cooling either in the form of an intimate 
meclianical mixture, or in the pure state, or as compounds, or, finally, 
in the form of homogeneous mixed crystals. The opacity of metals 
often makes it difficult to decide in any special case what the nature 
of a metallic alloy is ; the constitution can, however, usually be 
ascertained by microscopic examination of layers and etched surfaces, 
or, finally, by the use of liontgen rays. The most certain way of 
deciding the (piestion is, however, to investigate the cooling curve of 
the solidifying mixture. (See Book IV. chap. II., paragraph “ Thermal 
Analysis.”) 

Electric Conductivity of Alloys. — The electric conductivity ol 
alloys is very characteristic. If the alloy is merely a mcchanica] 
mixture, its conductivity is an additive property of the volume 
percentages of the components. The conductivity of an isomorphous 
mixture, on the other hand, is very much diminished by the addition 
of small quantities of the separate components, and hence is always 
much smaller than the value calculated from the law of mixtures. 
Finally, metallic compounds have a relatively high conductivity in the 
pure state, and additions of foreign substances have the same effect 
as upon pure metals. 

By means of these simple rules, which were laid down by T^e 
Chatelier,^ the various phenomena observed can bo easily explained. 
A theoretical explanation, which has the advantage of great simplicity 
and high intrinsic probability, has been given by Liebenow.^ Accord- 
ing to this theory, the conductivity of all alloys consisting of a mixture 
of different kinds of molecules must be smaller than that reckoned 
according to the rule of mixtures, hecanae thermoelectric forces arise which 
oppose the electric current. This simple law appears to explain the 
whole behaviour of alloys. 

Let UH suj)]K)se a conductor, for winqdicity, to consist of thin alternate 
layers of the two nietals which form the alloy, then at the surface of contact 
Peltier ellects will he produced (alternate heating and cooling), that is, the 
points of contact will he alternately heated and cooled, so that the conductor 
luiconuis a therino])ile whose electromotive force must oppose the curient. 
Since, as is easily seen, this opposing force must he proportional to the 
strength of current, its effect aj)pears simply as an increase in the resistance 
of the alloy. The same effect must he found when the two metals are not 
arranged in j)lates, as was assumed above, but in the form of very small 
particles, as actually occurs. 


^ ho Chatclier, Revue geah'aJe des .science^^ e. (1895), 531 ; Vnniribution 0. Vetude des 
(dliages (Paris, 1901), p. 44(5. 

Zeitschr. f. 1897, vol. iv. p. 201. Separately in T)er clectrische 

Widersfitmi tier MetaKe (Knapp), Halle, 1908. Lord Rayleigli pointed out in 1896 
{The Klectncian, 37 . 277) that oppo.sing thermoelectric forces were to he expected in 
alloys. 
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We get for the specific resistance of an alloy the formula 
C,(l + yt) = A,(l + at) + B,(l + Pt) ; 

here A^^'is the true resistance at 0®, is the apparent resistance duo to the 
thermoelectric eftect, or what is physictilly the same, the op])Osing electro- 
motive force per unit strength of the current ; is the observed resistance, 
a, /3, y are the temperature coefficients. 

It is found that the temperature coefficient of most pure metals is 0*004 
(about the same as the expansion coefficient of gases), or, in other words, the 
resistance of most pure metals increases approximately in proportion to the 
absolute temperature, as was pointed out by Clausius (1858). As to the 
thermoelectric effect, it may be assumed in the first place that it is little 
affected by temperature ; since the experimental results supi>ort this assump- 
tion we may put 

j8 = 0 

as the first approximation. 

Then from these assumptions a series of interesting conclusions may be 
drawn : — 

1. In general (when B^, ]>ossesses a considerable value) the specific 

resistance of an alloy will be much greater than that of its com- 
ponents, but the temperature coeflicient much smaller than that of 
the pure metals. 

2. When the metals are mechanically mix(‘d B^^ is small, therefore tbi‘, 

specific resistance can be calculated from that of the comiioneiits ; 
the temjierature coefficient for such alloys is the same as that of the 
imre metals.’ 

3. If the two metals in mixing form a compound, and if the proportions 

arci taken so as to produce it, B^^ must vanish and the tem})erature 
coefficient, must be the same as that of the pure metals ; but if 
either of the components is present in excess, B^j must r(‘ach a 
noticeable value, and therefore the temperature coelficient must fall. 

These conclusions were thoroughly tested by Liebenow so far as th(‘, 
experimental material would allow, and were found correct to a surprising 
degree; more recent measurements, especially those designed to test opposing 
theories, have supported Liebenow’s considerations in every respect ; it 
aj)pears, however, that a small value of B^, (see above under 2) is due not to 
thermoelectric indifference, as Liebenow had to assume in the then state of 
affairs, but rather to the fact that the metfils are mechanically, and not 
molecularly mixed. 

It is probably better not to refer these effects to the ordinary thermo- 
electricity of metals, but to consider them in the light of the electron theory. 
For example, we may assume that when an electron passes from tin*, sphere of 
influence of one molecule into that of another kind of molecule, its velocity 
is increased on entei ing and decreased on leaving. This conce])tion is really 
practically identical with that of Liebenow, and leads, as far as I can see, to 
the same results. We can thus determine the existence of definite metallic 
compounds under given conditions from the ehuitric conductivity, or often, 
more simply still, from the temperature coeflicient- -as Liebenow also showed; 
if,, namely, the comjiound in question forms mixed crystals with the two 
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coriipoiicntH, then the conductivity as well as teinperature cocflicient exhibits 
a sharp inaximuin at the point where the ratio of the two components 
corresponds to the constitution of the compound. For further details, see 
e.ff. K. Huc;r, Met alloy rajthie (Hamburg, 1907). 

The Theory of Metallic Conduction. — It is hardly doubtful 
from what precedes that the theory of metallic conduction should lead 
to a deeper knowledge of the metallic stiite, just as the theory of 
electrolytic conduction has led to a knowledge of the peculiar con- 
stitution of the electrolytes. 

Oidy the })eginnings of this line of progress exist at the present 
time. The first assumption is obviously that electric particles are 
present in the metals and travel in the direction of the current, but 
these, unlike the ions, appear to lie massless. The remarkal)le con- 
ductivity of many metals leads to the supj)osition that the number of 
such particles is very great ; this view is supported by the fact that 
matter in the metallic sttite has a very great density, i.e, that the 
numerous electric particles cause very great eledrosfridion (p. 420). 
4'he existence of massless electric atoms is rendered probable hy the 
considerations on p. 429 ; according to these, we must regard the 
metals as solvents in which the dissociation 

©e-©+© 

r(‘aches considerable magnitude. 

If it is assumed that the free electrons and metals follow the principles 
of the kinetic theory of gases, and es 2 )ecially that their kinetic energy can be 
(ioTisidered as in equilibrium with that of ordinary molecules, the ratio of 
thei’inal and electric conduction in the metals can be calculated in good 
agreement with experience (see Drude).^ Dilliculties have recently arisen 
with regard to this theory, however, since all methods of calculating the con- 
centration of free electrons lead to much too high values for atf)mii* heats, 
especially at low temperatures, compared to the results discussed on p. 258 If. 
See Nernst, vl/)a. d. Plujdk, [ Ij, 36. 439 (1911). 


* Amo d. riti/s. 1. (lOOO); Ueingamini, ifntL 2. 3U8 (1900). G. Jager, 
Si(zu)i(jshcr. d. Wiener Ahud. 117. June 1908. 
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KADIOACTIVITY 


Historical. — Soon after the discovery of the Riintgeri rays, and led 
on by this discovery, Becquerel (1890) o))scrved that uranium com- 
pounds, and also metallic uranium itself, were capable of affecting a 
photographic plate through light-tight screens (sheet aluminium and 
so on) ; gas in the neighbourhood of such “ radioactive ” preparations 
becomes a conductor in consequence of the formation of gaseous ions 
(p. 431). The latter manifestation of the phenomena of radioactivity is 
especially adapted for their closer investigation, on account of the 
great sensitiveness of electrometric measurements. 

A few years later (1898), C. G. Schmidt and S. Curie found 
independently of each other, and almost simultaneously, the like 
])ehaviour on the part of tliorium compounds. 

A very thorough chemical investigation undertaken by the two 
Curies led to the surprising result that an extraordinarily sti*ongly 
active barium preparation could be obtained from pitchblende, and 
further investigation showed that the activity of this preparation was 
to be ascribed to the presence of a small amount of a new element, 
homologous to barium, and with the atomic weight 226. To this 
element the discoverers gave the name Radium. Chemical as well as 
spectro-analytical behaviour supports the contention that we have to 
do here with a well-defined chemical clement. Bismuth contained in 
the pitchblende also proved to be strongly radioactive ; closer in- 
vestigation showed the presence in this case of a radioactive element 
closely related to tellurium. It Avas named Polonhm by the Curies, 
and first obtained by Marckwald (1902) in a pure state. Finally, the 
rare earths, which are present to a very slight degree in pitchbiemle, 
also contain, as Debierne showed, a radioactive companion, actinium, 
which is characterised by giving forth an emanation (see further below) 
of very short life. Giesel found later (1902) the pre.sence of actiruum 
in the earths which had collected in radium bromide mother-liquors, 
and showed it to be analogous to lanthanum. 

The intensity of the radiation of pure radium, which, up to now, 
is the only one of the strongly radioactive elements to be prepared 
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pure in workable quantities, is enormously greater than that of 
uranium, and so a scries of new radioactive phenomena was discovered 
with the aid of radium preparations ; these exhibit strong phosphor- 
escence, like that caused by cathode and Itontgen rays ; nidium-bariiim 
salt mixtures are sti’ongly phosphorescent, the radium rays ciiusing 
the })arium salt to jihosphoresce strongly ; many salts, as well as glass, 
are coloured by radium rays after some time ; oxygen is ozonised, and 
what is probably connected with this, organic tissues are quickly 
destroyed : water is decomposed into knallgas, and so on. 

l^l^ticularly striking is the property of radium preparations to 
develop heat continuously ; 100 g. cal are produced in an hour per 
gram of nulium content. 

To all these wonderful phenomena was added in 1903 the discovery 
of Ramsay and Soddy, that radium preparations evolve helium, the 
[)rosenco of which could be easily and with certainty proved by 
spectrum analysis. Rutherford’s hypothesis of atomic disintegration, 
which appears at first sight, even stranger, if possible, than radio- 
activity itself, yet explains the phenomena of radioactivity in a simple, 
and, as far fvs can be seen at present, complete way. 

The Nature of the Rays. — Rutherford’s investigations in par- 
ticular have given us very conclusive information on the nature of the 
radiation from radioactive substances. It was shown to be made up 
of diirorcnt kinds of rays, which wore distinguished as a, /?, and y 
rays, to which must now be added the recently discovered 8 rays. 

1. The a rays, like the so-called canal-rays of Geissler tubes, 
consist of positively charged particles ; these particles are helium 
atoms combined with two positive electrons. Their velocity can l)e 
exceedingly great, up to velocity of light. It is therefore 

obvious what enormous kinetic energy the particles can possess. A 
further result of their high velocity is their penetrative capacity : not 
too thin aluminium foil, thick piiper, and the like, can nevertheless 
absorb a rays practically completely. If the velocity of the particles 
sinks to about of that of light, they can no longer ionise the air ; 
and as their velocity is diminished on passing through air, their 
capacity to ionise is completely destroyed after a certain length of 
path; for instance, after 3*86 era. for polonium rays. The measure- 
ment of this length provides a method by which the characteristic 
initial velocity of the particle from different radioactive preparations 
can be determined. 

. 2. 13 rays consist of negative electrons, and are therefore identical 
in behaviour with the so-called cjithode mys. Their velocity can 
attain that of light ; and the greater it is, the more penetrative will 
the rays be ; for example, they can jmsa through fairly thick aluminium 
leaf. They excite strong Huoresconce, especially on barium plati no- 
cyanide ; their presence is best shown by means of a photographic plate. 
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3. The y rays have the greatest penetrative^ powers, bat are not 
deflected by a magnet ; they have therefore the same properties as 
Eontgen rays. It is probable that these rays are secondarily produced 
by rays, through the obstruction of electrons shot forth from the 
middle of the radioactive preparatiou, just as libntgen lays result 
from the absorption of cathode rays by matter. 

4. 5 rays, finally, consist of relatively very slow moving, negatively 
charged particles j they are correspondingly easily absorbed, and are 
strongly deflected by magnets in the opposite direction to a rays on 
account of their charge, and in the same direction to, but much 
stronger than, /3 rays. 

As the different kinds of rays are given forth by difforent 
preparations with different relative strength, an investigation of the 
nature of the rays of a radioactive substance under consideration gives 
ns important information. It is extremely desirable that the methods 
used in the investigation of the different kinds of rays should be 
improved as far as possible. Especially importint is the measurement 
of the deflection of the rays in a magnetic or electric field, because 
from the extent of the deflection can be calculated the velocity 
and the mass of the particles expelled. A radiation consisting of 
ufK'h urged particles expelled with very high velocity could be detected 
by the accompanying development of heat, but, as a matter of fact, 
generally escapes notice owing to the inaccuracy of this method. It 
is, at the same time, ([uite probable that a radiation of this kind is 
given forth from radioactive elements. On the other hand, a radiation 
consisting of charged particles moving with sufficient speed to ionise 
air, can be detected extraordinarily sharply by means of an electro- 
scope ; thus, according to V. Lersch,^ “if we distributed 1 mg. of 
radium C amongst all the inhabitants of the earth (about 2000 
million), then each person would receive enough to discharge five 
electroscopes in a fraction of a second.’’ 

The energy of the a radiation from radium is by far greater limn 
from any other radioactive element ; the absorption of the radiation is 
tlie main cause of the development of heat mentioned almve. If a 
radium preparation is enclosed in a small glass tube, only ft and y 
rays j>enetrate, and as the former rays carry negative electricity with 
them, the preparation becomes charged positively. 

Theory of Radioactivity. — Uutherford, as has been already 
observed, has succeeded in explaining the phenomena of ^radioactivity 
by a simple hypothesis, according to which they are (lue to a kiml 
of explosice disintegration of the atom of a chemiail element. Such an 
hypothesis seems at first sight extremely bold, but it is well to 
remember that the extremely complicated structure of the emission 
spectra of chemical elements gave rise long ago to the conception that 
* Zeitachr.f. EUktrochemie^ 13. 383 (1907). 
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the atoms of an element arc by no means simple points of mass, but 
must have a very complicated structure. We do not know what the 
component parts of an atom are, but it is likely that helium atoms 
and electrons play an especially imporkint part — at any rate in the 
building up of the atoms of elements of high atomic weight. We can 
well imagine that the ditferent parts of an atom are in lively motion, 
ami the assumption that from time to time such a mechanism explodes 
is merely a direct consequence of the kinetic point of view. 

When this happens often, the element in question will be unstable, 
or practically incapable of existence ; if it happens extraordinarily 
seldom, the element will be, practically speaking, entirely unchange- 
able, and this is therefore the condition in which the chemical elements 
formerly known exist, with the possible exception of uranium and 
thorium. If, on the other hand, the atom of an element is neither 
extraordinarily unstable nor extraordinarily stable, then single atoms 
will continually decompose, and, at the same time, a radiation in the 
form of pieces of the atom shot out with high kinetic energy will be 
maintained ; in this condition exist, according to the above hypothesis, 
the radioactive elements (uranium, thorium, and especially radium). 
From this point of view, radioactivity is obviously quite a general 
phenomenon ; but it only lends itself to observation when the atomic 
disintegration takes place neither too often nor too seldom. That 
relatively few elements are in this condition is not to be wondered 
at ; much rather must it be considered fortumate that strongly 
radioactive elements are capable of being investigated. Now tliat 
investigation has been directed to these phenomena, it is to be hoped 
that, through the extraordinary improvements of which electrostatic 
methods especially are capable, even the measurement of an exec^ed- 
irigly slow atomic disintegration, i,e, of an exceedingly weak radio- 
activity, will bo made possible. 

The Time Constant of Chemical Elements. — The atoms of 
a chemical element are capable of various changes of place ; e.(j. 
collision with atoms of another element is the cause of chemical 
phenomena. Besides these changes the atom leads, so to speak, an 
independent existence, and although we know no details of this 
existence, yet we can follow Kutherford and make the simple 
assumption that the number of atoms “ du which a given quantity of 
the element loses in time dt, should be set proportional to the number 
n of the atoms still present : 

~ dn ~ A n dt, 

or, if at time t = 0, tht? number of atoms is n„, then the value for the 
time constant is given by integration 

A=Mu > 

t n 
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The time r which elapses till half the atoms are destroyed is 
therefore given by 

r = 2. 

and is called the period of half decay 

Investigation of radioactive substances has shown that neither 
temperature, state of aggregation, nor even the nature of other elements 
with which the element under consideration is combined, has any 
influence on its length of life. In the light of the above hypothesis 
this means that so far as we know at present, there is no kind of 
influence which can be brought to bear on intra-atomic movements. 
From an experimental point of view, the result signifies that although 
the change of one chemical element into another is possible {c.g. 
formation of helium from radium), yet we possess no means by which 
we can influence the change in any way. 

It therefore seems as if the period of half decay, like the atomic 
weight, has a characteristic value for each element. Just as the 
atomic weight of an element remains unchanged in all ordinary 
chemical processes, so the same thing holds good for the period of 
half decay. Should, therefore, the atomic disintegration hypothesis 
stand the test of time, the determination of the period of half decay 
with the greatest possible accuracy, and for as many elements as 
possible, will be one of the most important tasks before us. 

The following are tlie chief methods for deierjiiination of this constant : 

1. In the case of elenienis of short life, the gradual decay in radioactivity 
is inejisured, or, more directly, the time which elapses before the radioactivity 
has fallen to half its original value is determined. 

2. The mass of charged corpuscles given forth by the i)reparation is 
electrometdcally measured, and from this the rate of decay can be indirectly 
determined. 

3. As a rule, the decay of a radioactive element gives rise to new radio- 
active elements ; hence after a very long time a stationary condition will be set 
up, in which as much of these intermediate products is destroyed as is formed 
in unit time. We conclude therefore from the fact that all uranium earths 
existing for geological time contain radium, that radium is a product of the 
decay of uranium ; now, as the rate of decay of radium has been determined 
by several methods, the rate of decay of uranium can be calculated from the 
relative proportions of radium to uranium in the earths mentioned. 

The Products of the Decay of Uranium. — In order to obtain 
a picture of the variety of the relations here prevailing, a table is 

^ Radioactive decomposition obeys therefore the law of monornolecular reactions (of 
Book II., Chap. V.). If we have a mixture of radioactive elements, as is often the case, 
then each element has its particular con.stant X, and the decay curve of the radioactivity 
is more complicated. Nevertheless by taking enough measurements the separate values 
of X can be (^termined. 

2 G 
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given of the length of life of uranium,' and as many of its products of 
decay as are known at present ; investigation is, of course, in no way 
to be considered complete. 


Eltnnutii. 


Until ill in . 
Uraniuiii X 
[oniiim . 
Radium . 

Ua ((.imtnaiioii) 
RA . 

R15 . 

ItO . 

RI) . 

JtR, . 

RE, . 

RK (rolonium) 


Purirwl <){ Half 
l.)(K:ay. 


0*10'“* years 
22 days 

2000 years 
2 *8 days 
o iniiiiiteH 
20 minutes 
19 minut(!S 
40 (?) years 
0 days 
1‘8 days 
140 days 


Propei’ti(?s. 


Nitrate soluble in ether . 
Nitrate dilftcultly sol. in ether 
Very similar to Thorium 
Homologuc of Harium 
Noble gas, condenses at - ISO"" 
Dillicuitly volatile . 


Similar to Tellurium 


KinO of 
ItaOiatiun. 


y 

a, ^ 
a (5) 
a (5) 
a 

^5 y 

Inactive 

fi 

a (5) 


Pure uranium has a certain activity ; by different chemical means 
it is possible to separate a substance (uranium X) which possesses the 
whole of the activity originally ascribed to the uranium (at any rate 
as regards the fi rays). This is true only for a moment ; after some 
time uranium X loses its activity, while the original uranium regains 
it to exactly the same degree, for uranium X is continually produced 
from uranium by the decay of its atoms. The separated uranium X • 
itself, on the other hand, decomposes quickly further, and its activity 
therefore falls off.^ 

The mass of uranium X present in uranium must increase till in 
the same time as much uranium X is formed from uranium as is 
decomposed further. To the stationary condition obtained in this 
way has been given the name radioactive equilibrium. 

The question into what bodies polonium changes has not yet been 
solved. It is supposed that lead is the final product of uranium decay, 
but it has not been found possible up to the present time to piove 
this assumption directly. 

Hu, which is, according to the above, an easily volatile radioactive 
element, is also called radium emanation. This emanation changes 
into other non-volatile radioactive elements, and so objects which have 
been for some time in the neighbourhood of a radium preparation 
become themselves active. This is the cause of the so-called imluced 
riulioactivity. 

Chemical properties seem to be^ar no relation to the mean length 
of life; according to K. Lucas (1906), however, a connection exists 
with the electrochemical properties, for with progressive decay, electro- 

^ WhetluT ioniuin Ih forniod from uramiini directly, or throiigli another intermediate 
product, has not yet been cleared up. 
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chemically nobler transformation products are formed. V. Hevesy 
( 1912 ) has, however, shown that this rule is not always followed. As 
is also shown in the above table, quickly decaying elements exist, 
which do not send forth any noticeable rays ; but it must be 
remembered that wo have no certain tost for rays which consist of 
electrically neutral particles. 

Radioactivity and the Atomic Conception.— It might be 
thought that doubt is thrown on the atomic conception by the theory 
of radioactivity. It is true that in the light of this theory, the atom 
can no longer bo considered absolutely indivisible. But it must bo 
emphasised that the conception of the atom iis such, for all ordinary 
physicid and chemical processes, is the same now as it wiis before, 
because we have no means whatsoever by which wo can influence in 
any way the occasional spontaneous decomposition of atoms. The 
atomic conception itself seems rather to be capable of an extraordinary 
extension and strengthening through the phenomena of radioactivity. 
Finally, the condition that new sources of energy of undreamt-of 
magnitude appear to be made accessible by the transformation of 
chemical elements is of universal importance ; for instance, by the 
complete decay of radium we a%n obtain about one hundred thousand 
times the amount of heat which would be yielded by the combustion 
of an equal weight of coal. 

In this connection Marckwald ^ pertinently says, “ It was the 
alchemists dream to change ignoble into noble metals. Radioactive 
substances teach us that if this process were jx)ssiblo, we should either 
gcain so much energy that the value of the noble nietfd obtjiincd would 
bo negligible in comparison, or, conversely, the consumption of energy 
required to bring alx)ut the change would make the ennoblement 
practically worthless.” 

The literature on radioactivity is extremely coini)rcheuHive ; rcfereiice.s 
to special papers have been given in this chapter. Special attention may be 
chilled to the excellent re])orts on the subject by W. Marckwald (Muspratt, 
Chfwiir. iinfer Uran) ; Stefan Clever {Viertdjahrshm’rht Frnu'ns 

::ur Fdrdening des physikali-schni nnd che'inischm UnterridiU^ 100(5). 

A collection of the most inqx)rtant resnlt.s and a complete index to the 
literature has l>een niatle by R. Lucas (Gnieliii- Kraut, Iffnidhuvh dor 
amr(janische,n Chemie, 7. Aufl. 1906, under “ Ibid ioak live Stoffe”). A 
series of lectures, and the discussions which arose from them, can Ikj found in 
the report on the “ 1 4te IT/iuptversamnilung der Deutschen Bunsen ge.sellschaft” 
{Zeifsrhr. fur Elektrnchemie, 1907, Heft 27). Finally, the comprehensive 
lecture by Marckwald, mentioned above, can lic especially recommended, and 
the monographs by Rutherford, Radioactive Siihsfimces and their Radia- 
tions^ 1913, and S. Curie, Radioactivity, 1911. 


^ Ber. d. DeuLscJi. Chein. Oes. 41. 1661 (1908).. 
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Colloids and Crystalloids. — From his examination of liydro- 
ilitrusioTi, (Iraharn^ came to the conclusion that substances existing in 
solution fall into two groups, the physical and chemical behaviour of 
which are characteristically different. These differences appeared to 
[Irahfim so pronounced that he designated them as “two different 
worlds of matter,’* the crystalloidal emulition of matter being in the 
sharpest contrast to the colloidal conditimi. 

I’ho difference between them is shown most clearly in their 
solutions. Up to this point we have considered only solutions 
of crystalloids; let us now turn to the examination of solutions of 
'vlloids. 

The most important examples of the latter are silicic acid, 
aluminium hydroxide, ferric hydroxide, and many other metallic 
hydroxides ; also starch-flour, dextrin, gum, caramel, tannin, white of 
egg, glue, etc. etc. ; also colloidal solutions of certain elements, as 
silver, selenium, platinum, gold, etc., have been recently prepared. 

The distinctions consist in this, viz. that crystalloidal substances 
are characterised by the facility with which they assume the crystal- 
lised condition ; while the colloids, which were named by Graham 
from their representative <jlue [koAAu], are incapable of crystallising, or 
at least do so very slowly. Still more important are the differences 
between the conduct of these two classes when in a state of solution. 
It will be shown shortly hmv ‘pronounced is the difference between m^ysUdloid 
and colloid solutions regarding their osnwtic pressures. 

As has been mentioned already, Graham was led to his discovery 
of the peculiar nature of colloidal solutions by the study of their 
diffusion velocity ; the diffusion of colloids, in general, resembles that 
of crystalloids, but is relatively a much slower operation. This is 
shown by the following time periods found by Graham to be required 
to eftcct the same degree of diffusion at 10'*. 

* Lick Ann. 121 . 1 (1862). 
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Crystalloids. 


Colloids. 


Hydrochloric acid . 

1 

White of egg . 

. 49 

Sodium chloride . 

2-33 

Caramel . 

. 98 

Sugar .... 

7 


Magnesium sulphate 

7 




Osmotic Pressure. — The question was formerly raisctl whether a 
colloidal solution was to be regarded as a simple emulsion, or as a true 
solution. But, at present, when wo can detect a “ head of pressure 
directly from the phenomena of dilTusion, we must in all probability 
suppose that there is no essential difference between solutions of 
colloids and of crystalloids.^ But the extreme slowness of the difltision 
of colloids indicates emphatically two things : on the one hand, the 
driving force must be very small, /.<?. the osmotic pressure is very 
small ; and, on the other hand, the resistant friction experienced by 
the molecules in their passage through the water must be enormous ; 
both these conditions are explained by the assumption tlud Ike colloids 
jwsscss exceedingly high nwleculnr weights. 

Now, as a matter of fact, the experiments conducted with colloid 
solutions show very small values for the osmotic pressure. Thus 
Pfefrer,2 by the use of a membrane of cupric ferrocyanhle, obtained 
the following values for gum-arabic at the respective concentrations, 
and at a temperature of 15'; the corresponding values for cane sugar 
are appended for comparison : 


Co.io. 

(dun- Arabic. 

(’ane Sugar. 

Mol. Wt. «»r 
Gum-Arabic. 

1 % 

6 ’9 cm, Hg 

51-8 <!iii. ]!<; 

2r>70 

8% 

25-9 „ „ 

810-8 „ „ 

4110 

n 7, 

70 0 „ „ 

72.V2 „ „ 

3.010 

18 7 

119 2 „ „ 

i 


20SO 


The molecular weights of the gum-arabic given in the last column 
are obtained by the well-known rules (p. 278), from the mol. wt. (312) 
of cane sugar, multiplied by the ratio of the corresponding osmotic 
pressures. 

In the following tiible are given some molecular weights, calculated 
in a similar way, from the osmotic pressures observed by Pfeifer : 

' Suspensions are to be distinguished from solutions in tlie fact that they cxcreia<! no 
measurable osmotic pressure, and also that they do not diffuse ; this criterion Itas l»een 
overlooked in many recent researches, 

^ Osimtische Untersuchungen^ Leipzig, 1877. 
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SubBtance. 

Membrane. 

(Jone. 

Temp. 

Pressure. 

Ib xtrin . 

! 

' Cupric ferrocyanblc 

1% 

W 

16*6 cm. Ilg 

Conj'lutiii 
til lie 

1 Calcium ])hoHphate 

2% 

16" 

3*8 „ „ 

! Cupric lerrocyaiiiilc 

6% 

23 -.r 

23*7 ,, ,, 

Glue 

! Parchment 

6% 

23*3“ 

21*3 „ „ 


Mol. Wt. 


lOJ-O 

9500 

4900 

5200 


Further Jjinebar^er^ has determined the osmotic pressure of 
colloidal tungstic acid, using parchment paper as the scmi-permeahle 
membrane, as it is impermeable for the dissolved colloid. A solution, 
containing 24*67 g. of TI^WO^ per litre at 17°, showed a pressure of 
25*2 cm. of Ilg, which gives a mol. wt. of 1700 ; while that from the 
formula (U^WOJy recpiires 1750, a fairly good coincidence; another 
solution containing 10 g. per litre gave a mol. wt. of 1720. 


The Freezing-Point and the Vapour Pressure. — In harmony 
with the small osmotic pressure stands the observation, that the 
fmeziutf- mid hoilmg-pomtH of colloidal solutmis arc onUj slighfjg different 
from the respective values if pure VHifer. Tammann - showed that the 
va[)Our pressure of water is only slightly depressed by the addition of 
considerable <|uantitics of gelatin and gum. The following table of 
figures, given by Sabanejeff and Alexandrow,** gives an illustration 
of the slight depression of the freezing-point of colloidal solutions : 


quantity of NVhito 
of Kkk in 100 K. 
of wat»'r. 

OepresHion of the 
FroeziiiK-Point. 

Mol. Wt. 1 

1 1 *5 

0*020’ 

14,000 

215*1 

0*037 

13,000 

11*5 

0*060" 

14,000 


Of course smdi results as these arc open to the objection that the 
(d)served depression of the freezing- ])oint, small as it is, may be 
accounted for on the su})position that the colloid is impure, and there- 
fore that the molecular weights given in the third column are to be 
regarded onlg as the loirer Ibnif, Hut at jdl events it is an evidence 
that the remarkable magnitude of the molecular weight of substances 
occurring in colloidal solution is one of their chief characteristics. It 
is w'orth mentioning that Graham ^ himself raised the question 
“ whether the complex nature of the molecule is not the basis of the 

’ Silliman’s Jon mat [.lw». Jour. [3], 43. 218 (1892). 

Mem. if. /VOvwA Akmf. 36. No. 9 (1887). 

^ Jovrn. cuss. (fes. 2. 7-19 (1891) ; rt*f. in Xeit.^ehr. phus. Chem. 9. 88 (1892). 
l.e. p. 71. 
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colloidal condition.” Although colloidal solutions may represent the 
transition state intermediate between emulsions and true solutions, 
in which case the surface tension between solute and solvent plays a 
considerable part in many phenomena, such as, the stjibility of 
colloidal solutions, yet they doubtless resemble the latter much more 
than they resemble a coai-se mechanical suspension. 

The Molecular Weight of Colloids. — The osmotic method 
described above is particularly suitable for the further investigation 
of colloidal solutions, and especially for the more exact determination 
of their molecular weights. For while exact measurements of the 
lowering of the vapour pressure and of the freezing-point are open 
to question, because of the extreme ditliculty of purifying the colloids 
from foreign salts, yet these impurities may be disregarded in the 
measurement of the osmotic pressure, because these salts can easily 
penetrate the parchment paper, and thus do not affect the observed 
pressure action. Moreover, the differences of the freezing- or boiling- 
poirrts here, although very small, some hrrndr*cdths of a degree, coiTOspond 
to pressures which can be easily measured by the manometer. 

The same method of investigation, when applied to a mixture of 
sovei’al colloids, would lead to some conclusions respecting the vmtml 
aetiou of colloid molecules. Of cormso the very dark question regar’ding 
the relative capacity of the colloid molecules for reaction claims 
especial interest. 

In the followiirg table are given some more figures olrtained by 
the fi’eezing-point method : 


SubsUnco. 


Inuliii .... 

2200 

) 

Mai todo.xt rill . 

905 

1 

KStarcli .... 

ra. 2,5000 

j 

Oum .... 

,, isoo 

1 

CaraiiK‘,1 .... 

„ 1700 


PVoric liydroxulf 

,, 6000 J 

' Tuii^'.stic aci<l . 

,, 800 

1 (Jlycogon . 

:-l 10,000 

j Silitnc at’iU 

at lea.st 49000 \\ 

1 Tannin .... 

! 

1100 ij 

1 


Mol. Wt. 


oliHcrvf‘r. 


I5r«>wn ainl Morris.' 


hulstom* anfl Uil>lK rt.' 




ri.'itiii-fU’uzfW.sl 

Is^ilKUiojrir.^ 


Although the results may be uncertain on account of tire smallness 
of the depi’cssions observed, yet at the same time they umloubtedly 
show that colloids do have a very large mol. wt. 

Moreover, it appears that other solvents besides water may be 

» Chem, ZentmlhL 2. 122 (1889). 

Ihul. 1S9 j /ViiV. 28. 38 (1889). 

^ Plf 'iojers Archir, 103. 282 (1901). 

•* Chem. Zfntralhl. 1. 10(189i). 
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utilised to prepare colloidal solutions ; thus caoutchouc dissolved in 
benzene shows a mol. wt. of 6500 (Gladstone and Hibbert); and 
tannin in acetic acid a mol. wt. of 1100 (Sabanejefi). Further, it 
should be mentioned that Graham explained the peculiar inactivity of 
colloid substances as a result of their high mol. wt. ; also, from the 
fact that arable acid, ejj, {Oummi-mure)^ could be neutralised by very 
small ipiantities of calcium hydroxide or potassium hydroxide, he 
concluded that its mol. wt. mast be much greater than CjoHjiOjj, the 
formula commonly given. 

Another way of determining the molecular weight, which is free 
from the sources of error mentioned, but does not rest on so firm a 
theoretical basis, consists in the direct measurement of the diffusion 
coefficient. Riecke’s kinetic theory (see p. 247) requires that the 
diffusion coefficient should be inversely proportional to the square 
root of the molecular weight : 



The experiments of Tho verts ' have shown that k has the value of 
59*2. Jlerzog,^ who determined the diffusion coefficients of a few 
solutions of albumens, found the following molecular weights : 


Egg Albumen ..... 17,000 

Eggiiiucus ..... 30,000 

Pejmin ...... 13,000 

Iiiv(!rsiji ...... 54,000 

Einulsiii ...... 45,000 


The order of magnitude of these results agieos satisfactorily with that 
obtained by the frcezing-imint method. (For a more exact formula 
see p. 292.) 

Optical Properties. — Colloidal .solutions, like ordinary solutions, 
appear perfectly clear when examined (even microscopically) by trans- 
mitted light. But if a strong beam of light is allowed to fall on a 
colloidal solution at right angles to the observer, tho solution often 
ap})oars cloudy in the path of the light ; it is therefore not homo- 
geneous, or “optically empty’' (Tyndall phenomenon). 

Although this phenomenon should not be considered a criterion 
f(jr c(dloidal, as opposed to true, solutions, yet from the strength of 
tho ettect we c<ui draw an approximate conclusion as to the size of the 
dissolved or suspended particles. The determination of tho size of 
tho particles by idtra-microsoopical observation, really depciids on this 
same method (see below, p. 465). In this way Zsigmondy ^ showed 
tho presence, in colloidal gold solutions, of i)articles of diameters from 
10 to 10'*'* mm., according to tho method of prepiiration ; the colour 

' C.R. 133 . 1197 (1901) ; 134 . 564 (1902). 

^ HtWheta, Zeitschr, 11 . 172 ( 1908 ). 

* /seiUchr.f. Elektrockemie^ 12 . 631 (1906). 
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by transmitted, as well as the appeamnce by reflected light, varies in 
the most pronounced way with the size of the j>articles. Zsigmondy 
has also shown that very small particles, which cannot even be 
observed by means of the ulti*a-microscope, may be enlarged and 
made apparent by the following beautiful method, analogous to 
photographic development; in reducing mixtures contirining gold or 
silver, the particles grow at the expense of the metal in the (chemical) 
solution, every particle acting as a core. 

Qelatination. — Many colloidal solutions are able to coagulate or 
gelatinise, either on the addition of foreign substances or sometimes 
spontaneously. They must therefore be regarded as supersaturated, 
and in a state of labile (unsUble) equilibrium. Other colloidal solu- 
tions, as those of gelatin, agar-agar, etc., will solidify oidy below 
certain definite temperatures, and will become liquid again only when 
raised to the same temperature. Here of course we have to do with 
a condition of equilibrium between the gelatinous and the licpiid 
states, and this is a parallel to that between the salt and the saturated 
solution. 

The simplest conception of the nature of gelatinised solutions is 
that a solid amorphous substance is separated which has a “ network 
structure, and hence an enormous surface. Hardy ^ has in fact 
succeeded in showing by microscopic observation that a jolly consists 
of a fine network ; the solid frame formed by the colloid contains a 
certain amount of dissolved water, while the interstices are filled with 
an aqueous solution of the colloid. The two phases are held together 
by capillary forces ; the greater part of the water, which is held by 
“capillary afliriity,’^*^ is removed by evaporation, but where the inter- 
stices of the network are very fine, the water is given oft' only by 
drying thoroughly. 

If a dried jelly is brought into contact with water, it begins to 
swell. This process apparently indiciites an inward suction of the 
water into the capillaries, resulting in a large increase of the volume. 
That the force which drives the water into the colloid substances is 
very great is obvious from the fact that blocks of granite arc split l)y 
the swelling of wood. The work performed by the capillary and 
adhesion forces occasions the development of heat, although this is 
not very considei-ahle. This was observed by E. Wiedemann and 
Liideking.*' 

By the addition of plenty of water, some colloids, as gelatine, glue, 
etc., can be brought hack to solution ; but others, as silicic acid, 
cannot be. As stated by both the observers mentioned above, the 

* Zeitjichr, f, phr/s. Chem. 33 . 326 (1900). 

^ Graham, l.c. p. 72, and interesting iwearchcs by Linebarger on velocity of 
coagulation, J. Amer. Ohem. Soc» 20 . 375 (1898). 

» WUd. Ann, 26 . 146 (1886). 
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Holution is attenderl Iry an absorptimi of heat. This is in harmony* with 
the fact that the heat of solution of solids is as a rule negative. The 
coagulation of colloidal silicic acid is accordingly attended by the 
development of a corresponding degree of heat. 

A gelatinised solution presents several peculiarities, — an inter* 
mediate thing between a solid and a liquid, its enormous internal 
friction rtilates it to solids. It also has clearly defined elasticities of 
deformation which clearly distinguish it from true pulpy substances. 
Vet it preserves many properties of liquid solutions; thus it can 
dissolve crystrdloids and allows them to diftuse freely. Thus, accord- 
ing to the older researches of Graham, who worked with solutions of 
gelatine, and especially according to the more recent work of Voigt- 
liinder,' who worked with agar-agar solutions, it appears that crystal- 
loids ditfiise through gelatinised solutions with velocities which 
remirkahly near to those which they diffuse through pure water. 

In harmony with tliis, the electric conductivity of salts, which, as 
shown by the principles already established, is closely connected with 
th(i capacity of diflusion, is only slightly changed by the gelatinisation 
of the solution. A similar thing seems to hold good for the reaction 
capacity, as is inferred from an observation imade by Keformatzky.- 
According to this, the velocity with which methyl acetate is decom- 
[)osed by acids in a solution gelatinised by agar-agar is within I per 
cent of the velocity in pure water. 

Ily means of those properties we can explain some of the applica- 
tions which have been made of gelatinised solutions, and which possess 
great interest. 

'riius the sensitive layer of photographic plates which were wet by 
the old methods, by the now methods arc made of a dried gelatinised 
solution or emulsion of the sensitive substance, so that their practical 
use is rendered much easier than was formerly supposed to be possible. 

When galvanic oloments are to be transported, tlio electrolytic 
li<[uid with which they are })rovided is gelatinised. This led to the 
construction of the so-called ** dry cell.” 

The introduction of “ culture gelatine ” into bacteriology by Robert 
Koch marked a new epoch in this science. 

Finally, it should l)e noted that the technology of exjdosives has 
experienced an extended regeneration by the use of gelatinised solu- 
tions of pyroxylin (smokeless {)owder), and especially so since Alfred 
Nobel gelatinised the pyroxylin with “ nitroglycerin,” and thus used 
an explosive itself as the solvent. 

It is remarkable that a gelatinised solution is unahle to nhsorh another 
colloid, because it retards its diffusion almost completely ; (or this 
reason it makes a semi-permeable membrane, which gives free pissage 
to water and its dissolved crystalloids, but not to colloids dissolved in 
water. 

' Zeitsehr, phys, Vhem. 3 . 310 (1889). 


I but 7 . 34 (1891). 
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This fact, which was known by Graham, and which he rightly re- 
garded as very important, explains why a clearly defined osmose is to 
be observed only when an animal membrane, parchment, or ansi/.<Hl 
(planieries) piiper is used with colloid solutions. Membranes of this 
sort have the property of colloid solutions, of offering not a very 
much greater resistance to crystalloids than to puie water, but they 
hinder colloids almost completely. Before the membranes, which are 
semi-permeable for many crystalloids, and which are described on 
p. 129, were known, the tendency was to ascribe a very strong osmotic 
activity to colloidal solutions, and it w^as not until Pfefl’er’s experi- 
ments that the contrary was known to Ijc the case. 

It cannot be certainly stated at present why a gelatinised solution 
is impermeable to a dissolved colloid. Perhaps it may be reasonable 
to suppose that the meshes of the netwwk are too line to allow the 
colloid molecules to diffuse, but are wide enough to allow the smaller 
crystalloid molecules to diffuse. 

Dialysis. — The property of gelatinised solutions just described is 
very important for the preparation of pure colloid solutions, l)ecanse 
it makes the separation of colloids and crystalloids possible. 'Flius let 
a piece of parchment paper or of animal membrane be fastened to the 
lower part of a frame, and let this be filled with the solution to be 
purified, and let it be dipped into pure water; then, after a suflicieiit 
lapse of time, the crystalloids in the .solution diffuse through into the 
water, especially if the water bathing the frame be replaced from time 
to time with fresh water ; the colloid substances remain behind in the 
frame. Thus to prepare colloidal silicic acid, r.f/., we decompose a 
solution of sodium silicate by hyclrochloric acid, and then pour it into 
the “dialyser,*’ for so the di.scoverer, Graham, called the sim])le 
apparatus, the method being called “dialysis.” After several days the 
sodium chloride formed, and the excess of hydrochloric acid, diffuse 
away, and there remains a solution of silicic acid which is almost 
absolutely pure. As a result of the osmotic action of the dissolved 
colloid during the process, the .solution [of the colloid] becomes diluted 
with water. 

In rocfiit yt^‘lr!^ Bochbold (Ziifsrhr. physik. dhnn, QO, 257 [11)07]; 64. 

32H [11)08]) has (h*vc1o]>rd a iin‘lh<»d of analysis by “ nil rafilt ration, ” which 
<h*p4*nds upon tin; above property of gclatinisi*d holntions. By using tin* 
membrane as a filter he h«^s succeeded in retaining the, dissolved collohl in 
the filt(*r while the .solvent is forced through under pressure, liy suitably 
modifying the methofl preparation of the ineinbmne he was able to 
control the size, of its pore.s within wide limits, and so to st*j)arate in the 
above way colloids of diffeiv.nt sized particles. The capacity for filtration 
of the diiferent colloidal solutions allows cxmelusions to i)e drawn as to the 
diameter of the dissolved particle, which supplement the optical results 
(see p. 456 above) in a very sati.sfactoiy manner. 
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Hydrosols and Hydrogels. — Colloids which can be redissolved 
by a solvent after separating from it in the solid state are called 
liydrosolsj those which cannot be so redissolved are called hydrogels^ or 
simply gels ; the solid hydrosols are thus reversible colloids and the 
hydrogels irreversible colloids^ and it would probably be better to use 
these expressions instead of the inconvenient terms hydrosol, etc., 
which make a wholly unnecessary demand on the memory. 

Colloidal Solutions of Metals. — If solutions of metallic salts 
are acted upon by reducing agents under certain definite experimental 
conditions, the metal is obtained in so finely divided a state, that the 
so-called colloidal solution of the metal is formed. Bredig^ has 
shown that the same solutions can be obtained by allowing an electric 
arc to pass between metallic electrodes under water. Probably the 
high temperature causes the material of the electrodes to vaporise, the 
subsequent cooling being so rapid that the particles do not collect to 
form large complexes, but remain in a state of extremely minute 
division. In this way colloidal solutions of some metals {e.g. cadmium) 
could be obtained which had not previously been prepared by any 
other method. The Svedberg ^ has recently improved this method. 

Even colloidal solutions of the alkali metals can be obtained in 
indifferent solvents by using an alternating current of high capacity 
instead of the direct current usually employed, excluding oxygen, 
and keeping the solution at a low temperature. It is unnecessary to 
make the electrodes specially out of the metal in question ; it is 
sufficient to place pieces of the metal in the liquid, and bring them 
into contact with the sources of the current. Solutions of the alkali 
metals are highly coloured, the absorption band moving towards the 
region of greater wave-lengths with increasing combining weight. 

Precipitation Phenomena. — A colloid can be precipitated from 
its solution by addition of an electrolyte. The action of the electrolyte 
depends either on the cation or on the anion, according to the nature 
of the colloid to bo precipitated. The phenomenon has been in- 
vestigated quantitatively by Schulze and others who determined the 
minimum quantity of the electrolyte necessary for precipitation of the 
colloid, and found at the same time that the precipitating power of 
an electrolyte is a function of the valency of the ion that causes 
precipitation, and increases strongly with increase of valency. 

Between the precipitating power K of an electrolyte and the 
valency R of the precipitating ion, the relation 

^ Anorgmmclie Ferinentr, Leipzig, 1901. 

Bei\ (/. Deutsch. Oheni. Oes. 39. 1703 (1906), “ Stiidien ziir Lelire voii den kolloiden 
Ldsuugen.” Upaala, 1907. 

* Journ. prakL Ohmu [2], 32. 390-407 (1885). 
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approximately holds. ^ K is expressed by the dilution of the solution 
just capable of causing coagulation. Hydrogen and hydroxyl ions 
have especially great precipitating power. 

The adsorbent power of the colloid for dissolved substances probably 
plays an important part in the precipitation phenomena In consequence 
of such adsorption, the dissolved colloid is seldom a single chemical individual. 
Thus Linder and Picton^ found that the ]>articles in a sulphide hydrosol 
did not consist of pure sulphide, but contained a small i)ercent{ige of 
sulpliuretted hydrogen. Colloidal ferrocyanides are alwa 3 ^s contaminated by 
potassium ferrocyanide.*^ Van Bemmelen'* found that the partition of a 
dissolvi‘d substance between a solution and a solid colloid can be ex]>ressed 
by the forniiila 


where is the concentration of the dissolved substance in the colloid, and 
0., is the concentration of the solution ; n is usually gi eater than 1. 

Electrical Phenomena. — Both Quincke"* and Helmholtz ® observed 
that suspensions move under an influence of an electrical potential 
gradient. That colloids are affected in the same way has been 
established by many investigators ; it has been shown that some 
colloids, as e,g. the hydroxides Fe(0H)3, A1(0H)3, Zr(0H)4, etc., 
move in the opposite direction to the current, while others, e.g, Pt, 
An, So, the sulphides, silicic acid, etc., move in the same direction as 
the current. 

The actual condndivity of colloids is, however, so small that it has 
not yet been determined with certainty.^ Cotton and Moutori^ 
showed, however, that the migration velocity of all colloids is of the 
same order of magnitude, while Whitney and Blake state that the 
migration velocity of the colloidal particles is approximately equal to 
that of a monovalent ion of an inorganic salt. 

As colloidally dissolved substances exist in conglomerates of 

' See Hardy, Be,r, 37 . 1095-1116 (1904) ; Fremidlich, Zeitschr. phys, Vh^m. 
44 . 129-160 (1903) ; Perrin, Conipt, rentl, 137 . 664-566 (1903). Tliis relation has 
been applied to the determination of the valency of the Jieryllium ion by Galeeki 
Zcitsckr.f. Electrochemie^ 14 . 767 (1908). 

2 Journ. Chem. Soc, 61 . 114 (1892). 

2 Duclaux, Joitrn. d. Chim. Vhys. 6. 29 (1907). 

^ Zeitschr. /, miorg. Chem, 23 . 321-372. 

5 Pogg. Ann, [2], 113 . 513-698 (1861). 

« Wied. Ann, 7 . 337 (1879). 

See e.g, B. Coehn, Zeitschr. f. EleHrochem. 4 . 63-67 (1897) ; Wied. Ann. 04 . 
217 (1898) ; Hardy, Zeitschr, f. phys. Chem. 33 . 385-400 (1900) ; Linder and Picton, 
Journ. Chem. Soc. 71 . 668-573 (1897); Lottermoser, Samml. chem. u. chem.4echn, 
Vortr. 6 . vols. 5 and 6, p. 76. 

^ See Duclaux, Cmnpt. rend. 140 . 1468-1471 (1905), and Malfitano, Compl. rend. 
139 . 1221-1223 (1904). 

^ Compt. rend.i 1904, fro!n^7th .June. 

Journ. Amer. Chem. Soc. 26. 1339-1387 (1904). 
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numerous chemical molecules (in the narrow sense), it is to be expected 
that a colloidal particle can also contain electrically charged molecules 
(ions ) ; if one kind of ion is in excess, an electric charge must result, 
and this causes the migration phenomena. Now the electric charge 
of colloidal particles must obviously be of extreme importance for the 
stability of the solution. For the separate colloidal particles must 
tend (under the intliience of adhesive and capillary forces) to combine 
with each other to form flocks, ie, to coagulate. But colloidal 
particles which have similar electric charges repel each other, and so 
hinder the coagulation, and the colloid remains in stable solution. 

Every circumstance which removes tlie electric charge of the 
colloid must therefore in general cause coagulation. If an electrolyte 
is a<ldod, coagulation will only be brought about by the ion charged 
oppositely to the colloid, while the other ion is either without influence 
or tends to prevent coagulation ; in fact, it is only by addition of 
oppositely charged ions that an electrically neutral complex can 
result. 

From the same point of view we can explain the rule of Linder and 
Picton ^ that colloids can mutually coagulate each other which migi-ate 
in opposite directions in an electric field ; in this case electrical 
neutralisation occurs when the two oppositely charged colloids coalesce. 
W. Hiltz^ investigated quantitatively this mutual precipitation and 
succeeded in showing the existence of a maximum effect. He obtained 
the following results when 10 c.cm. gold solution containing 1*4 mg. Au 
were acted upon by 5 c.c. of zirconium hydrate solutions of variable 
concentrations. 

ZrO.^ in mg. IMiononiena oImpi vchI, 

16'2 No precipitation. 

:i'2 No precipitation. 

1 *9 Formation of flocks which .settled very slowly. 

16 (loinploto precipitation. 

0*65 Very line tlock.s, settling very slowly. 

0*fl2 Extremely lino flocks. 

0*065 No precipitation. , 

A maxinuiin effect occurs therefore at 1*6 ; when the amount of ZrOg 
is either above or below certain limits, no precipittition hikes place. 

According to Biltz this must be explained in the following way. 
In order to neutralise the electric charge of one colloid by the opposite 
charge of a second, a certain definite quantity of the latter is necessary. 
If either more or less than this is added, the charge of the second or 
first colloid is in excess, and precipitation is only partial, or may not 
take place at all. 

The question to what extent the two colloids combine (without 
formation of flocks) at a great distance from the maximum, seems 
worthy of further investigation. That the particles of different 

1 /oum. Chem. 71. 572 (1897) * a £er. 37. 1096 (1904). 
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hydrosols actually do coalesce was shown directly by L. Michaelis and 
Pincussohn,^ by mixing colloidal solutions of mastic under the ultra- 
microscope. 

Besides the mutual coagulation of colloids there occurs the opposite 
phenomenon of the stabilising of one colloid solution by another. 
Thus, according to Zsigmondy,- gelatine solution protects colloidal 
gold. The most simple explanation of this is tliat the protecting 
colloid is much less sensitive to the action of electrolytes, for example, 
and forms an adsorbed layer round the other colloid, thus preventing 
it from being precipitated. 

Although it is thus possible to bring many observations under the 
same point of view, “yet we are still far from a complete comprehen- 
sion of all the phenomena occurring in this wide field.” ^ Considering 
the extreme importance of colloids for all organisms, their closer 
investigation is obviously one of the most urgent tasks of j)hysical 
chemistry j especially important are the questions how far, and with 
what alterations, the laws of chemical statics and dynamics can be 
applied also to colloids. 

The ingenious experiment of Arrhenius, who applied the principles 
of chemical equilibrium directly to the mutual neutralisation of toxins 
and antitoxins, has been proved unsuccessful by Ehrlich.^ It is 
obvious that the slow processes in question were mistaken by 
Arrhenius for equilibrium phenomena.'' 

For recent literature on the subject of the colloids see Loitermosi*!’, 
“ Anorg. Kolloide,” Sammlung chem. techn, VortriUjej Heft 6; A. Muller, 
Theorie der Kolloide, Leipzig, 1903 (Deuticke) ; Bredig, Anorg. Fcrm.ente, 
Leipzig, 1901 ; II. Zsigmondy, Zur Krkenntnis der Kolloide, Jena, 1905 
((Just. Fischer); also the sliort summaries by W. Biltz, Chemikerzeitwng, 29. 
325 (1900); Medizin. naturw. Archiv, 1. 267 (1907); and LoUennoser, 
Zeitschr.f. Klectrovhem. 12. 624 (1906); 14. 634 (1908). Consult further 
Freundlich’s monograiJi on “ Kapil larchemie,” Leipzig, 1909. 


^ Biochem. Zeiischr. 2, 251 (1906). 

Zeiischr, anahjt. Chem. 40 . 697 (1901). 

LoUennoser, Zeiischr. f. Efectrochemie., 12 . 630 (1906). 
^ See ibid. 10 . p. 661 ff. (1904). 

Of. niy critique ibid. 10 . p. 377 (1904). 



CHAPTER XIV 


THE ABSOLUTE SIZE OF MOLECULES 

The Superior Limit. — We have treated thus far of the properties'of 
molecules, of their kinetic conditions, of the various forces exerted by 
them, etc. In this concluding chapter we will discuss briefly the 
problem of their absolute dimensions. 

The assumption that matter is not infinitely divisible requires 
that these dimensions, no matter how small, must yet be finite. 

Many experiences of daily life speak in favour of the view that 
the divisibility of matter extends to a high degree. Infinitesimal 
< plan titles of strong perfumes can impart their odour to whole rooms ; 
they have entirely filled them with their molecules. Infinitesimal 
(piantitios of strong colouring substatices can distinctly colour large 
([uantities of water. One part of fluorescein, when dissolved in more 
than a hundred million parts of water, suffices to impart to it a distinct 
rtuoresconce. Faraday prepared gold-foil, the thickness of which, at 
the most, was 0*5 millionths of a mm. Rontgen ^ succeeded in pre- 
paring layers of oil on water, having about the same thickness. 

The attempt has been made repeatedly from determinations of 
this sort to find an upper limit of the size of the molecule, or at least 
the limit of the sphere of activity of the molecular farces^ i.e, the distances 
within which the mutual attraction of the molecules begins to have 
a “ noticeable value.'^ As is obvious, there is no precise definition of 
this sphere of activity, for it leaves the question open regarding the 
boundary between the “ noticeable ” (merUich) and the “ unnoticeable 
action ; nor will this be possible until we know something certain 
regarding the law of the variation of the molecular forces, with their 
distances apart.^ Nevertheless, by means of the capillary forces, an 
estimation of these magnitudes can be attempted; in this way van 
der Waals found the order of the magnitude to be about 0*2 millionths 
of a mm. 

If it were possible to make lamellae of a homogeneous liquid 
I irm/. Ann, 41. 321 (1890). 

See Bolil, Wied, Ann, 30. 334 (1889) ; Galitziiie, Zeitschr. idiys. Chem, 
4. 417 (1889). 
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sufficiently thin, then the otherwise constant surface-tension would 
begin to diminish as soon as the thickness of the lamellae should 
become smaller than the sphere of activity of the molecular forces ; 
because, from this point, the resultant of the forces, which are 
directed towards the interior of the liquid, would begin to diminish. 
The phenomenon of the dark spots in soap-bubble films has been 
employed for this purpose ; but even disregarding the fact that 
such a heterogeneous and ill-defined substance, chemically, as “soap 
solution,” must at the outset be discarded for investigations like 
these, it is stated by Drude ^ that the surface-tension of these dark 
parts is not noticeably difterent from that of the other parts ; this 
observer determined their thickness to be 17 x 10 mm. ; while Keinold 
and Rucker ^ found it to be 12 x 10“^ mm. A. Overbeck ^ conducted 
an interesting research, in which he determined the slightest thickness 
with which a platinum plate must be covered by another metal, in 
order that this layer may receive an electric charge ; but this method 
cannot give a safe determination of the sphere of activity of the 
molecular forces, because the observations can be explained by the 
formation of an alloy (a solid solution, p. 1G5), on the surface of the 
platinum. 

A very interesting and promising method of detecting small 
particles whose refractive index differs sufficiently from that of the 
medium has been discovered by Siedentopf and Zsigmondy ; ^ by 
strong side illumination they succeeded in producing a diffraction 
image of the particles which are made self-luminous by the illumination ; 
this can be done even when their dimensions are small compared with 
the wave-length of light. The method was found to be applicable to 
particles of about 6*10“<’ mm., so that direct observation has already 
approached molecular dimensions. The authors applied their method 
to ruby gold glasses; they succeeded in showing that the gold is 
distributed in small particles in these glasses. Although no doubt the 
gold particles (colloidal molecules ?) thus made visible consist of many 
single gold atoms, it is none the less of the highest interest that by 
refining the observation the apparent continuum can be resolved into 
discrete points. 

The Space occupied by the Molecules.— According to the 
present view, the molecules do not completely fill the space which is 
occupied by the body as a whole, but are separated from each other 
by intervening spaces. We have already repeatedly studied properties 
which are to be regarded as measures of the volume actually occupied 
by the molecules (p. 333 ff.), or which at least are related more or less 

1 Wied. Ann. 43 . 158 ( 1891 ). 

^ Phil. Trans. ( 1881 ), 447 ; ( 1883 ), 645 . 

3 Wied. Ann. 31 . 337 ( 1887 ). 

* Ann. d. Phys. [ 4 ], 10 . 1 ( 1903 ). 
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closely in this way. We will now proceed to see how far the absolute 
value of this magnitude is determined. 

The first method to determine this is derived from van der Waals’ 
theory, according to which the constant “b” of the equation of 
condition is equal to fourfold the volume of the molecule ; now its 
value can be calculated, either by means of the deviation of gases from 
the law of the ideal gas condition, or from the relation that it is three- 
fold as large as the critical volume; or finally, from the ecjuation 

(p. 220). 


b 


1 _ V . 

8 27.Vo ’ 


if we calculate the critical pressure ttq in atmospheres, then our unit 
of volume will denote the space occupied by a mol of the gas under 
normal conditions of temperature and pressure, and the equation 


b 1 r 

^ = 4 = 32 273.,, ■ • • I. 

denotes the fraction of the volume actually occupied by the molecules. 

The three methods given above to determine the value of b give 
only approximately coincident results, on account of the inexactness 
of the theory, to which reference has often been made; but these 
deviations are of no importance in view of the object here considered. 
We find abundant data for calculations of this sort.^ Equation I is 
naturally not applicable to substances that are strongly dissociated 
(p. 293). 

The Clausius-Mossotti theory of dielectra (p. 346) gives another 
method ; according to this, when D denotes the dielectric constant, 
the value of the space filled is 


The following table, taken from a work of Lebedew,^ contains some 
results calculated by these two independent methods. The dielectric 
constant I) is obtained from the equation 


1)~1 

DT2 


1 

d 


=5= const.. 


which is well established, both by theory and by experiment ; here d 
denotes the density reduced to the gas condition at 0°, and to a 
pressure of 1 atm. The table is based on the measurements of Boltz- 
mann (1875), Klemencic (1885), and Lebedew (1891). 

^ Kontimntdly etc., p. 136. 

« Wied, Ann, 44. 288 (1891). 
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1 

i 

i 

2*241 2x I 

j 

Substance. 

' Acc. to 1. 

Acc. to 11. 

Nitrous oxide . 

. i 0-00048 

0-00038 

3-7 

Carbon dioxide . 

. ! 0*00050 

0-00033 

4-0 

Ethylene . 

0-00056 

0-00054 

2-4 

Carbon disulpliide 

. i 0-00082 

0-00097 

4*3 

Benzene . 

. ' 0-00128 

1 

0-00123 

2-7 


Although the deviations between the two columns of figures are 
far greater than any error duo to observation, yet it is very remarkable 
that the orders of magnitude coincide so well. Therefore it need not 
appear questionable if these values should be used to develop further 
conclusions. 


The Density of the Molecules. — The specific gravity w of the 
molecules may be calculated directly from the value of x. 22,412 c.c. 
of a gas at 0 \ and a pressure at 1 atm., contfiiti 1 mol M ; therefore 
the density of the molecule, referred to water at I*", amounts to 

M 

” 22,41 2x’ 


In the third column of the preceding table are given the respective 
values of this quantity, on the basis of the value of x, according to van 
der Waals’ figures. 

Values of the same order of magnitude are obtained by calculating 
w from the dielectric constant ; thus 


w 


d 


D + 2 

1) - T 


The specific refraction (p. 337) gives therefore a measure of the 
specific volume of the molecide, which is at least approximate. 


The Size of Molecules. — By combining these units, obtained as 
just described, with the formula of Clausius and Maxwell (p. 204), viz, 

T _ 1 /IX 

\/2jrs‘^’ V2L7rs2 ' ' ^ ^ 

we are led a step further. The mean free path L has been deter- 
mined, with at least an approximate coincidence, by three different 
methods, so that we are certain of the approximate value. Then 
a cube, the cross-section of which contains a molecule of the gas, may 
be denoted by the reciprocal value of the number of molecules N in 
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unit volume, so that for the sura Q, of the cross-section of the mole- 
cules, we may write 

O-"”'. ' ... (3) 

^ 4 4V'3[ 

Now if we assume that the molecules are spherical, it obviously 
results that the following equation, 

x=N^^ = 2sQ .... (3) 

represents the volume of the molecules ; and therefore the molecular 
diameter would be expressed by the following formula, containing 
only magnitudes which can be determined, viz. 

s = 6 v^2xL = 8‘5xL. 

Thus for carbon dioxide (p. 205) we find 

s= 8*5 X 0*000068 x 0*00050 = 0*29 millionths mm., 
and similar values for other substances. 

The Number and the Weight of Molecules. — The number 
of molecules contained in 1 cubic mm. of a gas at O'’ and at 
atmospheric pressure is obtained directly from the formula 

N = — - — = i = ^ 

V2L7rs‘^ 72v''2l/x27r 320L%^ 

According to Avogadro^s law this must be the same for all gases, 
ie. must be a constant. 

If we again use the mean free paths derived from the internal 
friction (p. 205), we obtain — 



nxioe. 

X X 10'’. 

i;»\2xl02». 

Mirons oxide 

68 

48 

7*2 

Carbon dioxide 

68 

50 

7*8 

Ethylene 

58 

56 

6*1 



Mean 

7*0 X 10*^ 


Therefore it follows that the number of molecules N contained in 
1 cubic mm. of a gas at 0*" and at atmospheric pressure is 

and the number of molecules per mol is 

No = 4-5 X 22-4 X 106 X IQi® = 10^^. 
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These calculations were first given by van der Waals, though 
Loschmidt still earlier (1865) had tried to obtain an estimate of these 
values. 

Determination of the Absolute Size of Atoms by Means of 
the Brownian Movement. — This method, already described on 
p. 208, has been worked out by Perrin,^ and used in many different 
ways. Thus, Perrin made a suspension of mastic particles in water 
and found that after a time observation into the microscope showed 
that the density of these particles increased into their depth below the 
surface of the water. We can regard these particles as a dissolved 
substance, the separate molecules of which correspond to the separate 
particles, so that the gas laws, and more especially the well-known 
hypsometric formula, can be applied. As it is possible to measure 
with the microscope both the decrease in concentration of the particles 
into the height, and their absolute number, the osmotic pressure of a 
definite number of particles contained in unit volume can be calculated. 
Finally, according to Avogadro’s law, this osmotic pressure must be 
equal to the pressure of a gas containing the same number of mole- 
cules in unit volume, so that the number of molecules in a gas at any 
temperature and pressure, and also the mass of a single molecule, can 
be calculated. The mean of Perrin's best determinations give for the 
number of molecules per mol of gas, or, which is the same thing, 
the number of the atoms of an element per gram-atom : 

N(j=:6*85 X 

A similar, but somewhat lower result, was obtained by Svedberg,^ 
who used a similar method independently and almost at the same 
time; and by Fletcher,^ who extended the method to dilute gases. 
The mean of the determinations by these three authors is 

No=6-25 X 1023. 

Determination by Means of the Radiation Theory. — Planck ^ 
introduced a completely new method depending on the theory of 
radiation. The formulae connecting with the energy of radiation 
are given on p. 257 ; the method can only be briefly explained here, 
since an account of the radiation laws lies outside the range of this 
book. Let us imagine a solid body consisting of positive and negative 
ions, and assume that the separate ions are held to their positions of 
rest by different forces, so that all possible frequencies occur. Such a 
body will emit every kind of radiation consistent with heat motion, ie. 

^ See Brownian Movement and Molecular Reality, by Perrin, translated by F, 
Soddy. 

2 Arch. kern, of Sv. Vetensk. Acad. 2. 29 (1906), and 4. 1 (1911). 

2 Physical Review, 33. 101 (1911). 

* Theorie der Wdrmestrahlung, p. 162, Leipzig, 1906, 
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it will emit the spectrum of the so-called black body. Now the 
energy of the different parts of this spectrum depends solely on the 
kinetic energy of the rotation of the separate ions, so that we can 
calculate this energy from the observed radiation. On the other 
hand, the total energy of a gram atom of a solid body is known 
(p. 256) ; dividing this by the energy of a single ion gives the number 
of atoms per gram atom. In this way Planck found 

N^ = 6-17 X 1023. 

Petermination of the Absolute Charge of an Ion. — In the 

earlier editions of his book it was suggested that the magnitude of the 
charge of single ions might perhaps be determined, and hence the 
absolute magnitude of the molecule. 

This hope has meanwhile been most completely realised in more 
than one way. 

1. We saw on p. 436 that a gas ion can serve as the nucleus for 
cloud formation^ and that with sufficient under-cooling all gas ions act 
in this way. 

Now the mass of condensed water can be reckoned from the 
degree of under-cooling ; the size of the single drops may be determined 
from the rate at which they sink, so that the number of drops formed 
is known. But as the degree of ionisation produced, for example by 
means of Rontgen rays, is also known, we have a means of determining 
the amount of electricity contained in each drop, and this is identical 
with the charge of a single ion. 

In this way Thomson found (loc. cit. p. 437) 3*3 x 10“^® absolute 
(electrostatic) units as the charge of a single ion. It follows that the 
number of gas molecules per mol is N^ = 8’7 x lO^^. Thomson’s 
experiments have been repeated by other English investigators, who 
obtained similar results. Thus Wilson^ found Nq= 9*3x1023, 
Millikan and Begeman 2 found N^^ = 7*2 x 1023. 

The method is unsuitable for exact determinations. 

2. A second method of determining directly the elementary 
quantity of electricity rests on the possibility of counting the number 
of a particles shot out by radium in a second, and then determining 
the total charge of these particles by electrical measurements. In this 
way the charge of a single a particle can be determined. The number 
of particles shot out in a second can be determined by different 
methods. One a particle produces a large number of ions in a gas, 
and each of these ions can, under certain experimental conditions (e.g.y 
when the gas, highly expanded, is in a very strong electric field) give 
rise to new ions by collision. In this way the action of a single a 
particle can be so magnified that its appearance can be directly 
detected by the deflection of an electrometer. In order to make use of 
this phenomenon to count the a particles, only an extremely small, but 

^ Phil, Mag., April 1903. 2 Phys. Mev., February 1908, p. 197. 
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accurately known fraction of the total radiation is allowed to enter the 
ionisation vessel. The number of deflections of the (ballistic) electro- 
meter is then counted, and thus the total number of a particles can 
be easily calculated (on the assumption that the radiation is the same 
in all directions). 

Another method of determining the a particles is to observe the 
so-called scintillations which they excite on a screen of Sidot’s blende 
— a phenomenon which was discovered by Crookes ^ and by Elster 
and Geitel.-^ It is reasonable to assume that each a particle gives 
rise to one scintillation, so that by counting the latter, we can find ^he 
number of a particles/^ 

The results of these two methods agree closely ; one gramme of 
radium sends out 3*4 . 10^® a particles in a second. 

The total charge on the a particles sent out by one gramme of 
radium was found by Kutherford and Geiger^ to be 31*5 electrostatic 
units, so that the charge on one particle is 9*3 . units. The 

comparison of this number with the values obtained by other methods 
(see above) makes it appear highly probable that an a particle carries 
two elementary quantities of electricity, so that by this method we 
obtain 4*65 . 10"^® for the fundamental number. 

Bolt wood and Kutherford ^ combined this method with a determina- 
tion of the mass of helium evolved, and so obtained 4*81 x 10"^^ for 
the elementary charge. 

Regenor ® counted the particles by the scintillation method, using 
a plate of diamond as the fluorescing screen. He obtained the number 
4-79 X 

3. The most direct, and probably most accurate method at present 
is Millikan’s method, described on p. 437, of determining the 
electrical charge on small drops of oil, glycerine, mercury, and similar 
substances ; Millikan has kindly communicated to me privately the 
result of his measurements, according to which the elementary charge 
is 4*78 X 10“^®, The author estimates the accuracy of this result as 
the same as that of the viscosity of air, which is known with certainty 
to within a few parts per 1000. The measurements of Regener ^ and 
Przibraun ^ using the same method, are in good agreement. 

Summary. — From the magnitude of the elementary charge of 
electricity the value of Nq can of course be calculated ; for the 
charge on a gram atom of a monovalent element in the form of ions 
is known to be 9654 electromagnetic or 9654 x 3 x 10^® electrostatic 
units. Hence from Millikan’s result it follows that 

' Proc. Roy. Soc. 81 . 406 (1903). Zeitschr. 6. 437 (1906). 

^ Rutherford Z.c. ; further Regener, Verh, d. Dcutsch. Phys. Oes. 10 . 78 (1908). i 

^ Proc. Roy. Soc. 81 . 161 (1908). Physik. Zeitschr. 10 . 1 (1909). 

« PhU. Mag. [6], 2 . 699 (1911). « Berliner Akad., 1909, p. 948, 

7 Physik. ZeUschr. 12 . 136 (1911). » Wi&ner. Ahad. 120 . 639 (1911). 
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9654 X 3 X IQio 
4-78x10-10 


= 6-06 X 1023. 


The following table contains the values of this constant found by 
these different methods. That derived from the Kinetic Theory can 
of course only be regarded as an approximation ; its proximity to the 
exact value is noteworthy. The remaining values agree to within the 
experimental errors involved ; so well indeed, that we may regard the 
absolute magnitude of atoms as established into great certainty. In 
consequence of this we are again (cf. p. 210) led to the conclusion 
that the atomistic conception has lost its hypothetical character; 


Method. 

No. 

Kinetic Tlieory (approximate) . . . J 

ca. 10x10“^ 

Metlio<l of Cloud formation (mean) 

ca. 8-3 xIO®* 

Brownian Movement (mean) 

a'25xl0'^ 

Theory of Radiation (Planck) . ... 

6'17xl0“ 

Counting of a-particles (mean) 

Method of oil-drops (Millikan) 

611x10“ 

6'00 X 10“ 


Although Millikan’s method may probably be considered as the 
most exact, we shall take into account the remaining higher values, 
and put 

No = 6-09 x 1023 

as the most probable value so far as we know at present. The 
charge on an electron is consequently 4’76xl0“^^ electrostatic, or 
1*59 X 10 "20 electromagnetic units. 

The number of molecules in a cubic millimetre of an ideal gas at 
0° and atmospheric pressure is 

N = 2-72 x 


The mass of a single atom of an clement of atomic weight A is 


m 


A 

6-09 


10-23 gr., 


while that of a single molecule of a compound of molecular weight 
M is 


M o 


gr. 


All these values may be taken as correct within. one per cent; this 
may well be considered a most important success of recent years. 



BOOK III 


THE TRANSFOEMATION OF MATTP:K 
(THE DOCTRINE OF AFFINITY, 1.) 

CHAPTER I 

THE LAW OF CHEMICAL MASS-ACTION 

The Aim of the Doctrine of Affinity. — The final aim of the doctrine 
of affinity must be to ascribe the causes of material changes to well 
investigated physical phenomena. The question of the nature of 
the forces which come into play in the chemical union or decomposition 
of substances was discussed long before a scientific chemistry existed. 
The Greek philosophers themselves spoke of the “love and hate” 
of atoms as the causes of the changes of matter ; and our knowledge 
of the nature of chemical forces has not advanced very much up to 
the present time. We retain anthropomorphic views like the ancients, 
changing the names only w'hen we seek the cause of chemical changes 
in the changing affinity of the atoms. 

To be sure, attempts to form more definite ideas have never been 
wanting. All gradations of opinion are found, from the crude notions 
of Borelli or Lemery, who regarded the tendency of the atoms to 
’nite firmly with each other as being due to their hook -shaped 
eqmture (we employ this as a figure of speech to-day when we speak 
the linking of the atoms in the molecule ”), to the well-conceived 
\ of Newton, Bergman, and Berthollet, who saw in the chemical 
^^^‘ 3 ss phenomena of attraction comparable with the fall of a stone 
i^efPVth. 

Pi> ^e idea that a deeper insight into the nature of the chemical 
^^^ould be gained by identifying them with the attractions of the 
\it kinds of electricity was only transitory ; for chemistry has 
lely emancipated herself, in spite of the authority of Berzelius, 
^heory which, instead of leading to further discoveries, was only 
^V) obscure impartial estimation of the facts. It is not too 
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much to say that there is no discovery of any physical action between 
substances which has not been used by some speculative brain in the 
explanation of chemical forces also ; but up to the present the results 
are not at all commensurate with the ingenuity displayed. It cannot 
be emphasised enough that we are as yet very far from solving the 
problem of an explanation of chemical decompositions by the action 
of well-defined and well-investigated physical forces. 

In view of this undeniable fact, we must ask ourselves the question, 
whether this problem has been well chosen, and also whether it is not 
too premature. Never does a master mind show itself more clearly 
than in the wise restraint with which the investigator chooses the 
maik to be aimed at; and nowhere is danger more imminent than 
when valuable ability for work is uselessly scpiandered in attacking 
problems which offer almost insuperable difficulties at present, but 
which may perhaps be easily overcome in a short time by the use of 
results gained from sources apparently quite foreign to the subject. 
The history of chemistry offers a striking example of this. So long 
as the alchemists attempted to convert the worthless metals into gold, 
their endeavours remained fruitless; scientific chemistry did not 
develop until it began to consider questions which had been previously 
regarded as insignificant. ^ 

The achievements of the last few years, discussed on pp. 252 ff., 
enable us at any rate to realise the causes of the ill-success which has 
attended all efforts to discover the special nature of chemical forces : 
obviously the laws controlling the interaction of atoms, either when 
these are combined chemically, or condensed to a crystalline form, or 
finally even simply colliding with each other, are of a very abnormal 
nature, and bear no relation to the ordinary laws of mechanics. 
These discoveries probably indicate at last the direction which future 
investigation of this problem must take. 

Our most immediate aim must be to ignore deliberately the 
(juestion of the nature of the forces instrumental in chemical decom- 
positions, and to confine ourselves to the mode of actioii, especially as 
regards dependence upon external conditions, such as the mass-ratio, 
the temperature, and the pressure. And here brilliant results hav^ 
undoubtedly been obtained. Similarly, the laws which control 
pressure exerted by gases were discovered^ before they were expla^ 
by ascribing them to the collisions of the gas molecules. It is certa 
possible to imagine some genius obtaining at any rate a partial ins 
into the kinetic gas theory before the gas laws themselves were 
covered ; but as a matter of fact, the way leading to the kinetic . 
ception of the gaseous state had first to be prepared by much ‘ 
taking endeavour. 

We are as yet very far distant from having a clear concep ' 
the course of a chemical combination, but we possess some fundi 
laws which control it. The investigation of such laws sho 



CHAPTER II 


CHEMICAL STATICS — HOMOGENEOUS SYSTEMS 

Equilibrium between Gases. — Corresponding to the different states 
of aggregation, the particular system considered as being in ecjuilibriurn, 
which must be both physically and chemically homogeneous in all 
its parts, may be either gaseous, liquid, or solid. In accordance with 
the old fundamental law : corpm'a non agunt nisi fluida^ the last species 
of homogeneous systems [i..e. the solids] in particular would be excluded 
from the foregoing consideration. But some facts, though they are 
but few, lead us not exactly to a repudiation of this law, but rather to 
limit its universal availability. Thus, for the sake of completeness, 
we must devote a little time to considering the equilibrium of 
homogeneous mixtures existing in the solid state. 

The conception of “ active-mass has for gaseous systems a very 
simple and obvious meaning. By the ‘‘ active - mass of a substance 
(a molecular species), we mean the number of mols which arc 
present in 1 litre. But now the partial pressure under which a gas 
stands in a gas mixture corresponds simply to this value; because, 
according to Avogadro's law, the pressure of a gas depends only upon 
the number of molecules which it contains in unit volume. Thus in 
the equation on p. 481, instead of the concentrations, we may intro- 
duce the respective partial pressures of the different molecular species, 
as they participate in the reaction. 

Thus, if a reaction occurs in a gaseous system, in the sense of the 
equation, 

n,Ai + + . . . iij'A^' + n/Ag' + . . ., 

and if the partial pressures of the molecular si)ecies A,, A^, etc., arc 
respectively pj, p.^, etc., and for the molecular species A/, A/, etc., 
Pj', p.,', etc., then the following relation holds good for the condition 
of equilihrium : 

Pi'-ipj"-^ ■ • • 

The Formation of Hydrogen Iodide.— The preceding formula 
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will be first applied to the formation of hydrogen iodide from hydrogen 
and iodine vapour ; it occurs in the sense of the equation 

n, + l2=2HL 

This equation was first investigated by Hautefeuille/ but after- 
wards, and very thoroughly, by Lemoine.^ The latter allowed a 
weighed quantity of iodine to act upon a measured volume of hydrogen 
in a sealed bulb. After equilibrium had been reached, the contents 
of the bulb were introduced into a eudiometer, and the residual 
hydrogen was measured, while the hydrogen iodide which had been 
produced was absorbed by the water. At ordinary temperatures, the 
reaction progresses so very slowly that the two substances seem 
absolutely indifferent towards each other ; and they can, accordingly, 
be separated from each other {e,g. by absorption, as in Lemoine’s work) 
without any marked displacement of equilibrium taking place during 
the separation. 

But with rise of temperature — anul this is quite a universal phenomenon 
— the velocity of the reaction increases enormously. At 26 5'"- (oil- 
bath) the time required to bring about the state of equilibrium was 
counted in months ; at 350° (boiling mercury) in dags ; at 440° (boiling 
sulphur) in hours. Moreover, with increasing pressure the velocity of 
the reaction increased, which is in perfect harmony with kinetic 
considerations. 

Special researches proved that the final condition of equilibrium 
reached was the same, whether one started with a mixture of hydrogen 
and iodine vapour, or with the corresponding quantities of hj^drogen 
iodide with an excess of one of the reaction products ; thus the final 
condition could be reached either by a change from left to right, in 
the sense of the reaction equation, or in the inverse direction. 

If we denote the partial pressure of the hydrogen iodide by p, and 
that of the hydrogen and of the iodine respectively by p^^ and by pg, 
then at equilibrium we have 



The total pressure of the gas mixture, according to Dalton’s law, 
is, of course, 

P = P + Pl + P2- 

Wo will first investigate the way in which the condition of 
equilibrium changes with the external pressure. If wc compress the 
reaction mixture to the nth part, then the particular partial pressures 
will rise to n-fold their [original] value. But now we have 

nppip2_pip, 

nV“ "■ p*' " ’ 

i.e, the new pressure values meet the requirements of the equilibrium 
1 a/e. 04 . 608 (1867). - Ann, chim. phys. [5], 12 . U5 (1877). 
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formula, and therefore there is no change in the relative quantities 
resulting from changes in the pressure. 

Thus the conditimi of equilibrium is independent of the external pressure. 
This result is general if there is no change in the number of molecules 
caused hj^the reaction. 

Lemoiiie found for the values of the total pressure P, as given 
below, the following corresponding values of the decomposition co- 
efficient X {ie. the quantity of the free hydrogen divided by the 
quantity of the total hydrogen). In all of these researches the 
glass bulb was filled at first with hydrogen iodide. 




■ 

p. 

X. 


4-5 Atm. 

0*24 


2-3 „ 

0*22.5 


1*0 n 

i 0*27 

t = 440“ 

0-5 „ 

0*25 

1 

0*2 „ i 

0*29 

1 

' 





The above numbers hardly bring out the influence of pressure on 
the degree of decomposition of hydriodic acid, as the numbers show 
irregular variations. Similarly, the reduction of the other researches 
of Lomoino (sec p. 350 of the first edition of this book) leaves no 
doubt that the results are affected by some source of error. 

In fact, M. Bodenstein,^ who repeated the investigations of 
Tiemoine, found that the glass walls absorb considerable quantities of 
hydriodic acid, and that consequently less of this gas takes part in 
the equilibrium than was calculated in Lemoine’s experimental arrange- 
ment from the amount of free hydrogen ; Bodenstein, however, in 
arriving at the equilibrium, determined besides the volume of free 
hydrogen the quantities of free iodine and free hydriodic acid 
separately by titration ; he was thus able to prove exactly that the 
decomposition of hydriodic acid is independent of the pressure, 
and to arrive at a precise application of the law of mass-action of 
this case. 

If we express, as above, the degree of decomposition of the pure 
hydriodic acid by x, we have 

P 

p = P(l-x), Pi = P 2 = 2 ’^, 

and therefore 

=:,PiP2_tz^ 

4(1 -x)2 p2 

If in a given volume a mols of iodine and b mols of hydrogen 
react, and 2^ is the number of mols of hydriodic acid formed, there 
^ Zeitschr. phys, Chevi. 22. 1 (1897). 
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remain a - 7 
that 


mols of free iodine, and b - 7 mols of free 



Pi = P 


a-7 

a + b’ 



hydrogen, so 


atid consequently, (a - 7) (b - 7) _ 

472 

and this solved for 7 gives ^ 

a + b j (a + b)‘^ ab 

^ " 2(1 -iK') ““ V 1(1 ^KJ - 1 - 4K'' 

The follo\ving tables show the good agreement between calculation 
and observation ; a an{l b here stand for the number of cubic centi- 
metres of gaseous iodine and hydrogen, reduced to 0° and 760 mm. 
pressure, that were contained in the glass bulb of about 13 cubic 
centimetres volume ; 7 is the amount of hydriodic acid formed 
expressed in the same manner. The quantities directly determined as 
mentioned above were a -7, b - 7, and 7. 


IIkatkd in Sulphur Vapour: x = 0 - 2198 , K' = 0-01984 




2y. 



a. 

b. 

Obs. 1 

Cal. 

' 

DifTeienee. 

j 2-91 

8*10 

1 

.h-64 i 

5*66 

+ 0-02 

n*Jio 

7*94 

9-49 ! 

9*52 1 

-1 0-03 

9*27 

8-07 

18*47 1 

18*84 

-0-18 

14-14 

8-12 

14*98 

14*82 

-0-11 

27 

8-02 

15*54 1 

15*40 

1 -0*14 

:i:i-10 

7*89 

15*40 1 

15*12 

-0-28 


IIeatkd in Mkroury Vapour: x = 0 * 1946 , K' ^ 0-01494 


a. 


“Y- j 

UiU’ercnce. 



[ Obs. J 

! 

! Cal. j 

1 — 1 


2-59 

0-08 

4*98 

' 1 

5-02 j 

+ 0*04 

5*71 

6*22 

9 *.55 

9*60 

+ 0*05 

10-10 

0*41 

11*88 

11*68 

-0*20 

20-22 

6*41 

12*54 

12*34 

j -0-20 

28-81 

6-21 

12*17 

11*98 

1 -0*19 

22-29 

6-61 

12*71 

12-68 

-0-03 


^ In solving quadratic wiuntions there can Im? no donht as to whether to give the 
positive or negative sign to the root ; only one solution gives a physically possible result, 
in the above case, for example, the positive sign would yield for y values higher than a 
and b, which of course is uouseuse. 
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The above tables certainly give the most exact confirmation of the 
law of mass-action for homogeneous gaseous systems that has so far 
been arrived at. 


The Dissociation Phenomena of Gases. — lieactions which 
deserve especial consideration, because of the simplicity and the 
frequency of their occurrence, are the so-called phenomena of dissoeiation . 
These are distinguished by the fact that, in the general equation of 
reaction, the substances standing on one side are reduced to a single 
molecule, and the change proceeds according to the scheme 

A - n/A/ + nfAf + • • • ; 

here A is the dissociating molecular species, and Aj', Af . , . are 
the dissociation products. If p denotes the partial pressure of the 
former, and p^", p^' . . . those of the latter respectively, then, 
according to what has preceded, the relation for the condition of 
equilibrium is 

P 

K' is called the dissociation constant 

The number of molecules in the system grows with increasing 
dissociation. Inasmuch as we have an easy and exact method of 
measuring this number by means of vapour density determination, 
there is, therefore, no difficulty here in investigating the condition 
of equili])rium. 

For a simple case, we will consider a gas which dissociates into 
two new molecules, which may be identical, as in the dissociation of 
nitrogen dioxide, 

or different, as in the case of the dissociation of phosphorus penta- 
chloiide into chlorine and phosphorus trichloride, 

PCl,^PCl3 + C\ 


I jet 8 be the density of the undecomposcd gas, as calculated from 
its molecular weight ; at complete dissociation the nunil)er of molecules 
will be doubled, and the vapour density therefore will amount to 8/2. 
Now, according to p. 379, 


1 + 



and a 


8~ A 

A * 


The total pressure P, at which A is measured, is made up of 
the pressures of the undecomposed molecules, and of the products 
of dissociation ; if we denote the former by p, and the latter by p', 
then, according to Dalton’s law, we shall have 

p = p + p'. 
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Now, since the ratio of the number of the undecomposed molecules 
to the number of the dissociated ones is as 1 - a to 2a, therefore we 
obtain 



Now the law of mass-action gives ns the relation 
p'^-K'p, 


where K' denotes the constant of dissociation ; then by the substitution 
of the expressions obtained for the partial pressures, we obtain as the 
equation of the uotJwrm of dmocAatimi 


4[8-ApP_ , 

[2A - S].S 

. (1) 

from which we obtain 


^ , K" K" /. 8P 
^ - S + y p a/ ^ + K' ■ 

■ (2) 

where 



that is, the vapour density of a gas existing in a state of dissociation 
(at constant temperature) changes with the pressure; at very small 
pressures it converges towards the lower limit of the vapour density ; 
at very high pressures, it converges towards the upper limit of the 
vjipour density. 


The Dissociation of Nitrogen Dioxide.— The vapour density 
of nitrogen dioxide has been measured by E. and L. Natan son, ^ and has 
also been calculated according to the preceding formula. Although 
there are small deviations between the vapour densities required by 
the theory and those found experimentally, yet on the whole the 
results are to be regarded as a satisfactory verification of the theory. 
This is shown in the following table : — 

t = 49-7". 


P. 

K". 

A Obs. 

A Calc. 

' y- 

0 inm. 


: 

1*590 

1*000 

26 80 „ 

422 

1*663 

1*670 

0*930 

93*75 ,, 

459 

1*788 

1*783 

' 0*789 

182*69 „ 

497 

1*894 

1*906 

0*690 

261*37 „ 

515 

1*963 1 

1*984 

0*630 

497*75 ,, 

475 

2*144 

2*148 

0*493 


1 Wied, Aim. 24 . 454 (1885) ; 27 . 606 (1886). 
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At a temperature of 49*7° and a pressure 497*75 mm., of 1000 
molecules of N 2 O 4 , 493, Le. about one-half, are’ dissociated. At the 
same pressure, but with increasing temperature, the dissociated 
fraction becomes greater, a phenomenon observed almost invariably 
in gaseous dissociation. The dissociation constant K increases with 
the temperature. 

The quantity K" in the second column of the above table is 
derived from the former equation ( 1 ) 

4 2A - S ’ 

and should be constant according to theory ; it shows large but 
irregular variations due to small errors of observations, especially when 

A is not very different from 8 or If we take the mean 

K" = 474 

and recalculate A from equation (2) of the previous section, we arrive 
at the fourth column. The agreement with the observed values of 
the vapour density is within the error of observation, and shows that 
the conclusions of the theory are thoroughly satisfied. 

As already referred to on p. 380, the colour of nitrogen dioxide 
increases with increasing dissociation, because the molecules of NO.^ 
are reddish-brown, while those of N 2 O 4 are colourless. 

At about 500" the gas begins to decolourise again in consequence 
of a decomposition into oxygen and nitric oxide, thus 

2N02=2N0-i-02. 

The following vapour densities were measured by Richardson,^ by the 
methods of Dumas and of others : — 



PresHure. 

1 

y- 

130= 

718*5 

1*600 


184“ 

754*6 

1*551 

0*050 

' 279“ 


1*493 

0*130 

494“ 

742*5 

1*240 

0-565 

620“ 

760*0 

1*060 

1*000 

1 


At 620", under ordinary pressure, the decomposition is complete. 
The fraction a of the decomposed molecules may here bo calculated 
from the equation 

^1*590- A 

The Influence of Indifferent Gases. — Experience h-is shown in 
a large number of cases that the condition of dissociation of a gas is not 
1 Journ, Chenu Soc. 61, 397 (1887). 
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changed when another indifferent hind of gas (i.e. a gas which does not 
react chemically) is mtrodvml at constant volume. This is seen to be in 
perfect harmony with the e<piation of the isotherm of dissociation, 
if one considers that, according to Dalton’s law, the j>resence of a 
foreign kind of gas does not influence the partial pressures of the 
reacting ingredients. 

This law is, moreover, one of extraordinary importance, and one 
which throws much light on the general view. Later, it will be 
thoroughly proved from thermodynamic principles. 

Of course it is entirely a difterent case when the mixing with the 
indiflercnt gas is attended with an increase of volmne, the latter acting 
then as a diluting agent. Then the dissociation increases with the 
increase of volume, independently of the nature of the kind of gas 
which is added. If one studies a gas which exists in a state of 
dissociation by the method of the displacement of air (p. 271), the 
dissociation is found to increase the more the evaporating substance is 
diluted with the indifferent gas; and, therefore, results are obtained 
which depend upon the mutual diftusion, i.e. the values of the vapour 
densities are very irregular. It is erroneous and misleading to speak 
of the dissociating influence ” of other gases. 

The Influence of an Excess of the Dissociation Products. — 

The theory allows us to anticipate the influence of the addition of one 
of the dissociation products. Thus, for example, let a gas, which 
gives rise to two different kinds of molecules on decomposition, be 
brought into equilibrium with its dissociation products ; and between 
the partial pressure p of the undissociated molecules, and that of the 
dissociation products, which may be p' for both, let there exist the 
relation 

p'*2 = K'p. 

Now, let an amount of one of the dissociation products corresponding 
to a i>artial pressure of p^ be added in excess, and let the increase 
which p expei'iences be tt. Then the partial pressure of the other 
decomposition product will sink to (p' - tt), and the total pressure of 
the first decomposition product will amount to p^^ + p' - tt. The 
calculation of tt is obtained by the law of mass-action, from the 
equation 

(p'~7r)(poM-p'-7r) = K'(p4-7r). 

comparing this equation with the preceding formula, it will be 
foiWi that TT must always have a positive value. That is, admucture 
of'vue of the decomposition products, at constant volume, tends to diminish 
ifie degree of dissociation. This is a very important phenomenon. We 
diall make repeated application of this rule. 

\ Moreover, research verifies this conclusion. The dissociation of 
plWphorus peutachloride diminishes when phosphorus trichloride is 
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added in excess.^ The determination of the vapour density of 
ammonium chloride by the method of the displacement of air, ^ives 
higher values when ammonia or hydrochloric is used as the imcking 

gas.2 

If the admixture of the dissociation product is accompanied by 
increase of volume, then it also acts as a diluting agent, and hence it 
occasions an increase of dissociation. Therefore, according to the 
special conditions, on the whole, there may result an increase or a 
decrease of the dissociation. Thus, if any selected volume of 
gaseous phosphorus pentachloride is mixed with another selected 
volume of chlorine, or of phosphorus trichloride, so that the resulting 
mixture occupies a volume which is equal to the sum of two volumes, 
then, as can be easily shown, the condition of dissociation remains un- 
changed, if the pressure of the added chlorine, is exactly as great as its partial 
pressure in the pentachloride. 

The Frequency of Dissociation Phenomena. — Dissociation 
phenomena are much more common than was formerly supposed to 1)0 
the case ; and no doubt can be entertjiined that, under suitable con- 
ditions of temperature and pressure, not only all chemical compounds, 
but also all })oly-atomic molecules would be reduced to a state of 
decomposition more or less considerable. Thus, the diatomic molecule 
of iodine, at high temperature and low pressure, decomposes into its 
two atoms, and a similar thing would doubtless happen in the case of 
other diatomic gases, like oxygen, nitrogen, etc., although no such 
decomposition could be established at 3000° by the experiments of 
Pier and Bjerrum (p. 44). 

Sulphur, the vapour density of which has been investigated by 
H. Biltz,^ and Biltz and Preuner,** and in more detail by Preuner and 
Schupp,® at temperatures varying from 300° to 850°, behaves exception- 
ally ; the vapour density bills with decrease in the temperature and 
only gives values agreeing with the formula Sg at high temperatures. 
This may aiiparently be explained by the assumption of molecules 
formed by vaporisation of sulphur which partially decompose according 
to the equation 

and that the molecules simultaneously decompose according to the 
equation 

S,^3S2, 

sulphur vapour, therefore, consists mainly of three kinds of molecules, 
s„ s„, s^, the last of which gains at the expense of the former on 

* Wiiitz, O.R. 78 . 60 (1873). 

Neuberg, Jlrr. Deutsch. (lie/n. (lea. 24 . 2543 (1891). 

'•* ZeitHchr. phijs. Chem. 2 . 920 ( 1888 ). ^ Ibid. 39 . 323 (1902). 

Ibid. 08 . 129 (1909). 
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decrease of pressure or increase of temperature. Sulphur is accord- 
ingly an example of ^^dissociation in stagesJ^ The present author has 
found by means of the apparatus described on p. 275 that at 1900- 
2000'' the Sg molecules are broken up into atoms to the extent of 
about 45^. 

We shall return in the fourth book to the further discussion of 
methods and results in the dissociation of, and chemical equilibrium 
in, gases. 

Equilibrium in Homogeneous Liquid Systems-Esteriflea- 

tion. — The dependence of the equilibrium upon the relative quantities 
of the reacting substances is the same with liquid systems as with 
gaseous ones ; only here we do not have to take account of the partial 
pressure, but rather of the concentration of the reacting substances ; 
and by this is meant the number of mols contained in 1 litre. 

The numbei* of special cases which have been investigated here is 
very large. This is to be explained by the following reasons : firstly, 
the study of the chemical equilibrium of a liipiid system is much 
easier for the experimenter in many ways than the study of a gaseous 
system ; and secondly, the decompositions which occur in li^piid 
systems are very important, both in the laboratory, and also in the 
economy of nature. 

We begin with esterification, a reaction to which reference has 
already been made (p. 4^ 6) ; the thorough study of this by Berthelot 
and P^an do St. Gilles ^ has had great influence in defining the con- 
ception of chemical equilibrium. 

If one mixes any organic acid, as acetic acid, with an alcohol, as 
ethyl alcohol, there is formed water, and also the corresponding ester ; 
the latter results from the combination of the positive component of 
the alcohol with the negative component of the acid ; thus — 

CII3COOH + CgHgOH = CH3COOC2H5 -i- HgO 

Acetic acid Alcohol Etliyl acetate Water. 

This reaction, which is comparable with the neutralisation of an 
acid by a base, progresses very slowly at ordinary temperatures ; 
several days elapse before the state of equilibrium is approximately 
established, and the reaction comes to a standstill. If this liquid 
system is heated in a sealed glass tube to 150°, the state of 
equilibrium is reached after a few hours. The reaction never advances 
to a completion, ix. until one of the reacting substances is completely 
consumed, but each of the four reacting substances is present at 
equilibrium. 

It can be easily ascertained how far the reaction has proceeded 
at any moment, by titrating the acetic acid which is present, or 
which has been produced ; on account of the slowness of the reaction 
1 A nn, chim. phys. 06 , and 00 , (1862), and 08 . (1863). 
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no marked displacement of the momentary condition need be feared 
during the operation (of titration). 

If equivalent quantities are allowed to react on each other, i.e. 
if we start with 1 mol of acetic acid (60 g.) and 1 mol of alcohol (46 g.), 
or with 1 mol of methyl acetate (88 g.) and 1 mol of water (18 g.) ; 
then, after the lapse of a sufficiently long time, there results a homo- 
geneous system, which has the composition, in both cases, of 

J mol acetic acid -i- ^ mol alcohol + f mol water + % mol ester. 

This ratio of the relative quantities remained constant, even after 
a lapse of seventeen years. Moreover, this ratio changes very slightly 
with the temperature ; the reason for this will be given later. Book IV. 

Let V be the volume of the preceding reaction mixture, and let 
1 mol of acetic acid bo mixed with m mols of alcohol, and n mols 
of water (or ester ; it is immaterial which, for the form of the equation). 
Then at equilibrium, if x denotes the number of mols of alcohol 
decomposed (and of acetic acid also, of course), there exists the 
relation — 

"“v2 yi > 

hero k corresponds to the velocity with which the alcohol and the acid 
unite, and k' the velocity with which the ester and the water unite 
with each other. The denominator common to both sides of the 
equation can be neglected. 

In the preceding special case, we had m = 1 ; n = 0 ; and x = | ; 
therefore 

k_^' 

9“ 9 ’ 

i.e. the constant of eciuilibrium becomes 



By introducing this value into the general equation, and then 
solving it for x, we obtain as the quantity of ester formed — 

X = ^(4(m + 1) + n- \/l6(m2 -- m + 1) -h 8n(m 4- 1) + n^^. 

And this simplified for n = 0, becomes 

x = ?^m + 1 ~ Vm^ - m + l). 

The equation is very satisfactorily verified by experiment, as was 
first shown by Guldberg and Wtiage, and later and very thoroughly 
by van ’t Hoff*.^ Thus Berthelot and Pdan de St. Gilles, allowing 

^ Ber, DeiUsch. Cheiti. Ges. 10 , 669 (1877). 
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those solvents, which are characterised by great dissociating power, ^ 
are built on the water type. 

We may clearly assume from the observations made hitherto that 
a high dieWiric constant of the solvent is favoiiiable not only to 
dissociation into ions, but also for the dissociation of complex 
molecules i?ito simpler. To this corresponds the fact that substances 
in solution are more strongly dissociated than when they exist in a 
vacuum or in an indifferent gas under the same conditions of tempera- 
ture and coheentration. Thus acetic acid occurs with normal molecular 
weight in water under circumstances such that, as a gas, it would 
consist almost entirely of double molecules. Many solutions have a 
greater dissociating force than a vacuum, and hence there follows the 
practiciil result that tlie measurements cond'uded acemding to Eaoult’s 
metiwd usmilly give more certain information regarding tJui normal nwlemlar 
might Hum the determinations of the gas density afford^ provided that by 
the normal molecular weight we mean the smallest form which the 
substance in question can assume without a complete dissolution of 
the molecular union. 

The tendency of many sulistances, especially thosi*. containing hydroxyl, 
to form doiibhi molecules in solvents of small dissociating power, such as 
benzene or naphthalene, has been thoroughly investigated by Auwers and 
his pupils {Zeitschr. phys. Ghem, 12 , 689 ; 15 . 33 ; 18 . 595 ; 21 . 337 ; 
32 . 39 ; 42 , 513). The constitution of the dissolved substfiiices seems to 
(*<xert a regular influence, especially in the cases of phenol and acid anilides. 
In both these cases, ortho-substitution either weakens or entirely destroys 
the tendency towards formation of double molecules. The substituent 
exerting the greatest influence in this sense, is the aldehyde grouping CHO. 
Carboxyl CO.^R and ON are somewhat weaker, NO^ and the halogens 
weaker still, and alkyl weakest of all. Meta- or para-Bubstitution exerts 
much less influence, and may, as in the case of the phenols, increase the 
polymerisation. 

The Participation of the Solvent in the Reaction. — Thus 
far we have always considered the solvent as excluded from taking 
any part in the reaction, and we will now consider how such a partici- 
pation can be taken into account. 

The simplest case is that where only one molecular species, A, 
occurs in solution, and reacts on the molecules of the solvent, water, 
e,g. when hydration of the dissolved substance would occur. Then 
there would take place the following reaction, 

A(H20)„ = A + nH20, 

which also has the form of an equation of dissociation. Let c denote 
the concentration of the hydrated molecules of the substance A ; and 

^ Beckmann, Zcitschr. pitjysi. Ghem, 0 . 437 (1890). 
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Cj the concentration of the non-hydratcd molecules; and Cg the con- 
centration of the water. Then we obtain the equation 

Kc = CjC/i 

Now it must bo noticed that is very large in comjjarison with 
c and Cj ; and therefore, especially when the solution is sufficiently 
diluted, the active mass of the solvent will only change inconsiderably 
if the point of equilibrium is displaced in one direction or the other, 
i.e. the active mass of the solvent is almost constant. But then there is a 
proportionality between c and Cj, and therefore in a dilute solution 
the hydrated fraction is inde^yendent of the concentration. This deduction 
from the law of the mass-action has not been properly noticed hitherto.^ 

But now, since we have no means at present of answering the 
(piestion, whether a molecular species existing in aqueous solution 
comlnnes with water or not, and also since the Baoult-van ^t Hoff 
methods for molecular wejght determination give us no evidence 
concerning this, the experimental determination of the state of 
equilibrium of such reactions iis the preceding, or of analogous ones, 
has hitherto eluded us. Yet .the experiment described on p. 496, 
that in an excess of amyleno the esteriliod portion of the acid is 
almost indeiJendent of the <piantity of amylene, sjKiaks in favour of 
the preceding law. 

Moreover, a more stringent calculation, on the basis of thermo- 
dynamic principles (see Chap. III. of the last Book), shows that the 
active mass of a solvent at constant temperature is proportional to its 
vapour pressure. Now, in keeping with the preceding considerations, 
this must be regarded as constant in the case of solutions fairly dilute, 
because it is only very slightly different from that of the pure solvent. 

Equilibrium in Solid Systems. — From the van 't lloff method 
of treatment of “solid solutions” (p. 164), and especially from the 
undoubted, though slight, capacity of solid substances to diffuse into 
each other, there follows the possibility that chemical reaction may 
take place even in homogeneous solid systems, and that ultimately a 
condition of equilibrium will be established. But it is easily conceiv- 
able that chemical processes in the solid state of aggregation would 
usually take place too slowly for one to trace out their progress ; and 
thus, of course, their experimental study would be impossible. 

Now, in fact, illustrations of the gradual progress of molecular 
changes of solids are not wanting. Hero would he included the 
so-called elastic and thermal “ after-effects,” which are doubtless to be 
explained by a more or less considerable change of the molecular 
structure ; also the brittleness of some metals occasioned after a time, 
as, e.g.^ that of tin when kept cold, or violently shaken ; further, the 

^ Thus the view is very commonly found expressed in the literature that hydrates 
decompose with increasing dilution. 
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gradual change of the crystal form, and the change from the so-called 
amorphous to tlie crystallised condition, which is illustrated in 
devitrification. 

Moreover, Spring ^ succeeded in demonstrating the probable 
establishment of equilibrium in the reaction between solid barium 
carbonate and solid sodium sulphate ; here the change into barium 
sulphate and sodium carbonate ceased when about 80 per cent had 
been so transformed ; and conversely, the mutual reaction between 
barium sulphate and sodium carbonate ceased when about 20 per cent 
of the ecpii- molecular mixture had been changed. This reaction 
takes place on energetic shaking of the finely-powdered substances, 
and is also very much accelerated by the application of high pressures 
(up to 6000 atmospheres). Its progress was ascertained by extraction 
with water, and then weighing the insoluble ingredients. But it is 
really necessary to investigate in such a case whether traces of 
moisture were not present, and equilibrium thus established in the 
acpieous solution. 

' Bull. Boc. Chim. 46. 299 (1886). 



CIIAPTEU III 

OIIEMKJAL STATICS — HETEROGENEOUS SYSTEMS 

The Kind of Heterogeneity. — The heterogeneity of a chemical 
system existing in equilibrium obviously cannot consist in any varia- 
tion of the composition of the liquid, or of the gas mixture, from 
point to point ; because, if this were the case, there would occur a 
migration of matter, as a result of diffusion, i.e. the system would not 
as yet have reached its state of equilibrium. The heterogeneity 
must essentially consist only in the intimate association of different com- 
plexeSy each of which is homogeneous in itself, such as solid salts and 
saturated solutions, mixtures of liquids and of gases, solids and 
their gaseous dissociation products, etc. ; the degree of heterogeneity 
will be conditioned by the number of these complexes. The particular 
system may, of course, be either gaseous, liquid, or solid. There is 
no limit to the number of solid substatices, and of liquids which do 
not dissolve each other, which may participate in material changes by 
displacing the equilibrium resulting from reactions. On the other 
hand, we know that, on account of the complete miscibility of gases, 
there can be present only one gaseous complex. 

The different complexes which are both physically and chemically 
homogeneous in themselves, which may be either a physical mixture 
or a chemical compound, and which make up the heterogeneous system, 
are called the phases of the system, after the usage of W. Gibbs. Thus, 
e.g., in considering the state of equilibrium between calcium carbonate 
and its decomposition products, carbon dioxide and calcium oxide, we 
must distinguish in this system three phases, two of which, CaCOg 
and Ca(3, are solid, and one, CO.^, is gaseous. 

General Law regarding the Influence of the Relative 
Proportions. — An unusually large number of experiments have led 
to the following universal law : — 

The condition of efjuililyrium of a heterogeneous system is independent 
of the relative qmintity by weight in which each phase is present in the 
system. 
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Thus, e.g., after equilibrium has been established in the system 
CaCQ3<-^CaO + CO^, 

if there should occur an increase or a diminution in the quantity by 
weight, in which each of the enumerated substances is present, care 
being taken to jireserve the external conditions, temperature and 
pi'cssurc, unchanged, then the state of e(piilibrium remains unchanged, 
i,G, in the sense of the reaction equation there is no change in either 
direction, and the composition of each particular phase remains 
undisturbed. 

Among other deductions from the preceding law are these well- 
known facts : that the vapour tension of a liquid is independent of its 
quantity ; and that the concentration of a saturated solution is the 
same, whether much or little of the solid salt be present, and the like. 

The law may be explained, on the basis of the molecular theory, 
in the following way. The establishment of chemical equilibrium 
does not mean that all chemical change has absolutely ceased ; but 
rather that, in the sense of the reaction equation, the change, at any 
moment and at any point in the one direction, is exactly as great as 
the change in the opposite direction (p. 480). Thus if we consider 
any selected part of a surface which separates two different phases of 
a system from each other, there will be a continual change of molecules 
in the portion of the surface, and molecules will be continually going 
out and in at the same time. In order that equilibrium may become 
established and remain so, the condition must be fulfilled that the 
same number of molecules of each species must pass through the 
portion of the surface in the one direction as in the other. Thus wo 
are considering th^ necessary extension of the same considerations 
which earlier (p. 215) led us to conceive of the equilibrium between a 
li(j[uid and its saturated vapour, as a dyimmic condition ; there also the 
state of equilibrium was associated with the condition, that at each 
portion of the surface separating the liquid and the saturated vapour, 
at every moment, as many gaseous molecules condense as evaporate 
from the liquid. 

The forces, under the influence of which there occurs the continuous 
exchange of molecules between two different phases, like all molecular 
forces, have only very small spheres of action and sink rapidly to 
zero at measurable distances. This exchange only takes place as a 
result of the forces which are active in the immediate vicinity of the 
limiting surface between molecules which exist in two different 
phases, and it is indifferent whether the extension of the two phases 
on both sides of the separating surface is large or not. For the same 
reason the exchange of molecules is not influenced either by the 
form ^ or by the extension of the separating surface. This can only 

^ Excepting very great curvatures, where possibly the capillary forces may come 
noticeably into play (Book IV. Chap. III.). 
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mean that the coiulition of equilih'ium k independent of the relative mass of 
each of the phases. 

Complete Heterogeneous Equilibrium. — Among the simplest 
cases of ecpiilibrium are the so-called “ physical/’ i.e. the equilibrium 
between two different states of aggregation of the same substance ; as, 
e.g., the equilibrium between ice and liquid water; the equilibrium 
between liquid water and water vapour ; and the equilibrium between 
ice and water vapour, i.e. where the reaction — in regard to which an 
equilibrium has been established — consists in the melting of a solid 
body, in the evaporation of a liquid, or in the evaporation of a solid 
(sublimation). 

The relations here are very simple. For a definite external 
pressure there corresponds a definite temperature at which the two 
systems can exist beside each other ; thus ice and water are co- 
existent at atmospheric pressure at O'" ; and liquid water and water 
vapour at atmospheric pressure at 100°. If we change the external 
pressure, at a temperature which is kept constant, or if we change the 
temperature, at an external pressure which is kept constant — then 
the reaction advances to a completion in one sense or in the other. 

We may obtain complete knowledge of the conditions of 
equilibrium by ascertaining the dependence of the pressure at which 
the two respective states of aggregation are capable of existing beside 
each other — upon the temperature, Le. the dependence of the melting- 
point upon the external pressure, and the vapour-pressure curve of 
the liquid or solid substance. 

Now there are a number of reactions of a purely chemical nature 
which are completely analogous to the above physical reactions, for they 
have the common peculiarity that when the reaction takes place isothsr molly, 
each one of the phases may change its mass hut not its composition. 

In all reactions of this sort the same thing holds true which was 
true in the case of the physical reactions, i.e. with a certain external 
pressure, the phases of the system are, collectively, coexistent only at 
a certain definite temperature ; and under all other conditions, the 
reaction advances in one sense or the other to a completion, i.e. till 
one of the phases is exhausted. 

After the example of Koozeboom,^ whoso many-sided experimental 
investigations have very largely contributed to clearing up these 
questions, we will eall the equilibrium completely heterogeneous.^^ 

^ Mec. trav. chim. ties Pays-Bas since 1884 ; Zeitschr. phys. Chem. since 1888. 

“ It must be strongly eiiipliasized that the “complete ecpiilibrium ” has no special 
importance or superiority as compared with the “incomplete equilibrium.” Exactly 
the contrary is the case. For example, investigation of the freezing-points of salt 
solutions, where a change of concentration is produced by the solid freezing out, and 
where, tlierefore, we are dealing with incomplete equilibria, has led to the most 
valuable results, while the corresponding complete equilibrium (coexistence of ice and 
salt with the solution) possesses an absolutely arbitrary character. The old erroneous 
idea that these mixtures were definite substances has been historically perpetuated by 
giving them the name of “cyrohydrates.” 
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A complete [heterogeneous] equilibrium, e.g.^ is that between calcium 
carbonate and its decomposition products. To a definite temperature 
there corresponds one, and only one, pressure at which the three 
reacting substances can exist beside each other, according to the 
reaction equation 

CaCC^^CaO + COg. 

Let us think of the CaCOg as being at the bottom of a cylinder 
which is closed with a movable air-tight piston. Then, if we increase 
the volume by raising the piston, the reaction progresses, in the sense 
of the preceding equation, from left to right ; and if we diminish the 
volume by depressing the piston, the reaction progresses, in the sense 
of the preceding equation, from right to left. Equilibrium can exist 
only at a definite pressure exerted from without upon the piston, viz. 
the so-called “ dissociation pressure.^^ If we make the external pressure 
only a trifle smaller, always at a temperature which is kept constant, 
then the reaction advances from left to right until the calcium carbonate 
is exhausted, Le. until it is complete. If we make the external pressure 
only a trifle greater, there results, conversely, the complete reunion 
of the carbon dioxide with the calcium oxide, in the sense of the 
equation from right to left. When the refiction occurs, with the 
equilibrium pressure and temperature remaining constant, none of the 
phases changes its composition : this is the necessary pre-existing 
condition for the occurrence of the reaction under constant equilibrium 
pressure. 

The peculiarity of such reactions is that they may occur at 
constant temperature without change in the composition, or in any 
other property of each of the phases, and with no change except in 
their total mass ; it follows from this quite generally, that from a given 
composition, there can bo but one corresponding external pressure, and 
to every definite temperature there cmrespo^ids one, and only one, equilibrium 
pressure. 

Hence the procedure which must be followed for the experimental 
investigation of special cases of complete equilibrium is clear. We 
may become completely familiar with such a case if we ascertain for 
each temperature the corresponding pressure at which the different 
phases are coexistent, and if we also ascertain the composition of each 
of the phases. Sometimes, as in the system 

CaCOg CaO + 00^, 

the composition may remain unchanged, even with a change in the 
temperature ; but this is often not the case. 

Let us consider, as an example of the last case, the equilibrium 
between a solid salt, its saturated water solution, and the water 
vapour : here we have a case of complete equilibrium, for, at any 
definite temperature, the three phjises are coexistent only at one 
pressure, namely, the vapour pressure of the saturated solution ; and, 
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moreover, the reaction which occurs isothermally (the evaporation of 
the water and the precipitation of the salt) does not result in a change 
of composition of any of the phases. But the composition of the liquid 
phase (the solution) varies with the temperature as a result of the 
varying solubility of the salt. 

As it is the influence of the teuyperature which especially concerns 
us in complete equilibrium, its further description belongs to the 
sections on thermo- chemistry. 

Phases of Variable Composition. — The relations are very 
different when one or more of the phases changes its composition 
while the reaction proceeds isothermally. Here, in general, a change 
of the external pressure establishes a new condition of etjuilibrium, 
because one or more of the phases of the system changes its 
composition. 

An illustration will serve to make the case intelligible. 

If we allow pure water to evaporate at the exact pressure of its 
saturated vapour, then, while the reaction (evaporation) is going on, 
neither the liquid nor the gaseous phase changes its composition. If 
we make the external pressure a little smaller, then all the water 
evaporates ; if we increase it, then all the vapour condenses. 

Now this is at once changed as soon as a salt is dissolved in the 
water ; then, as is well known, the vapour pressure is lowered in 
proportion to the concentration [of the solution]. 

Let a definite volume of water vapour be in equilibrium with the 
solution. If we now diminish the external pressure a little, not all 
the water evaporates but only a definite fraction. For, as a result of the 
evaporation, the concentration of the solution increases, whereby the 
maximal pressure is still further reduced, and this goes on until it has 
sunk to the new and lower value of the external pressure, and thus a 
new state of equilibrium becomes established. But if the concentra- 
tion proceeds so far that the solid salt is precipitated, then the con- 
centration remains constant, and equilibrium pressure also remains 
constant, and does not increase any more with further evaporation. 

Thus in those systems in which there occur phases having a vari- 
able composition, the equilibrium depends upon the relative masses of 
the reacting components in these phases, and the problem arises of 
formulating this influence. 

In what follows, as we advance from the simplest conditions of 
equilibrium to the more complicated examples which have been 
experimentally examined, the simple result will be found, that without 
the introduction of any new assunijjtmiSy the law of mass-action may he also 
applied to heterogeneous systems. 

We will first consider the case where there occurs only one phase 
having a variable composition in the system, and will then proceed to the 
more complicated cases where the number of such phases is greater 
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than one. This one phase may be either gaseous or licjiiid. Solid 
snhstiinais (except mixed crystals), in rontrad to gaseous and liquid phases^ 
do unt ekfinge their nmposition on a displarement of the point of eqni/ihrium ; 
ami thenfore Iheg oempg an eMeptioml jwsitioUy because they form only 
phases of arnstant composition. 

Equilibrium between a Gaseous Phase and a Solid Sub- 
stance — Sublimation. — According to Dalton\s law, the sublimation 
pressure, i.e. the maximal partial pressure under which the solid 
vaporises into a gas, with which it forms no new compound, is as great 
as though the sublimation took place in a vacuum. The composition 
of the gaseous phase is thus completely determined by the vapour 
pr(issnre of the corresponding solid substfince, and by the mass of the 
fon;ign gases which are present. 

The Dissociation of a Solid Substance which produces only 
one Gas. — This case may be treated in the same way as the last. 
Here also, for each temperature, there is a corresponding maximum 
pre^ssure {the dissociation pressure) of the gas resulting from the dissocia- 
tion, which is not. changed by the presence of indifterent gases. The 
dissociation pressure is also itidependent of the relative masses of the 
solid bodies which take part in the reaction. 

'Fhe classical example of this case is the dissociation of calcium 
carbonate, the regularity of which was observed by Debray (1867): 

CaC 03 ::^Ca 0 + C0.^ 

Solid Solid Gasooiis. 

The dissociation pressures of this system have been measured very 
exactly by Le Chatelier,^ and subse(piently by H. Riescnfeld ; in 
mea.suring the temperatures a thermocouple made of platinum and an 
alloy of platinum and rhodium is used. 

Thk Dissocfation PftEssuttKH OF Oalcium Carkonatr 


t. 

7' 0“ 

7r)0' 

800" 

The observation that the dissociation pressure like the maximal 
pressure of saturated vapours increases rapidly with the temperature 
appears to bo quite general ; moreover, there is a very close analogy 
between these phenomena. 

The dissociation pressure is independeiit of the ratio between the 

‘ (7. A*. 102. 124‘1 (1880). - Joum. chon. phi/^\ 7. 568 (1009). 


.50 linn. Hg. 

„ n 

105 ,, 


850" 

900" 


870 mm. Ilg. 1 
700 „ „ i 
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relative quantities of solid carbonate and calcium oxide, as also follows 
if we apply the general law stated on p. 512 to the particular system 
considered. This is usually expressed as follows : the active misses of 
solid bodies which participate in the chemical equilihrium are constant 
(Guldberg and Waage, Horstmann). 

The explanation of this behaviour, from the kinetic-molecular 
standpoint, presents superficially some difficulty. Thus one might 
incline to the view that the more the relative mass of oxide increased, 
the more CO.^ molecules would be taken up and held fast by the 
mixture of oxide and carbonate; and that the more the mass of 
carbonate decreased, the fewer COg molecules would be sent out. In 
this way, however, the mass ratios would exert an influence on the 
dissociation pressure, which is contrary both to the general law 
already mentioned, and to experience. Wo have already given on 
p. 508 a general discussion according to the molecular theory showing 
that the relative quantity of the various phases must be without 
influence on equilibrium ; it is worth while, however, to go into some 
considerations which show simply and easily the constancy of the 
dissociation pressure. 

Both the calcium oxide and also the carbonate must each certainly 
possess a certain vapour pressure, or, more correctly, a pressure of sub- 
limation ; by this is meant the respective partial pressures of the 
molecular species CaO and CaCOg, standing in a gas space which is in 
contact with the oxide and *the carbonate. Now, these sublimation 
pressures are independent of the presence of foreign gases ; they 
remain unchanged when the oxide and the carbonate are present at the 
same time. We cannot ascertain the magnitudes of these pressures, 
because they evade direct measurement by reason of their smallness. 

Hence in the vapour space, which is in contact with the two solid 
substances, there occur the three molecular species, CaCOj, CaO, and 
COg ; and respecting the reaction, 

CaC 03 :^Ca 0 + COg, 

a condition of e(iuilibrium will bo established, and to this we may 
directly apply the law of chemical mass-action. 

Let us denote by tt^ and ir^ the sublimation pressures of the oxide 
and of the carbonate respectively ; and by p the vjipour pressure of 
the carbon dioxide ; this latter, on account of the smallness of the 
values of tt^ and Xg, will not be very different from the vapour pres- 
sure (e.r. the dissociation pressure) of the whole system. Then, 
according to the law of mass-action, it follows that 

KVg = pTTp 

where K' denotes the dissociation constant of the gaseous Ca 003 mole- 
cules. Now, since ttj and iTg are independent of the quantity of the 
solid substances [CaO and CaCOj respectively], then p, i.e, the dissocia- 

2 L 
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tioii pressure at any given temperature, must also be constant. But 
it will vary greatly with the temperature, because the same also holds 
both good for K' and for ttj and TTg. 

Considered on the basis of the molecular theory, this same proof 
is the reason for the view that the reaction occurs exclusively in the 
gaseous phase, and that the solid substances participate in the reaction 
to the extent of their previous sublimation. This view leads, as an 
immediate consequence, to the constancy of the dissociation pressure, 
though, on the other hand, this is not a necessary condition for its 
derivation.^ 

To the dissociation phenomena of solid bodies there also belong 
the dehydration of salts containing water of crystallisation, resulting from 
raising the temperature. This has been thoroughly studied by 
Mitscherlich, Debray, G. Wiedemann, Pareau, Miiller-Erzbach, and 
others. Here also the pressure of deeomposition is constant for any 
given temperature, but increases strongly with increasing temperature. 
But hero dissociation by stages is usually found, i.e. the salts do not 
lose all their water at a constant pressure, but several stages can be 
recognised, at which points the different molecules of water suddenly 
evaporate as the pressure changes. 

Thus, for example, copper sulphate (CuSO^ + ^HgO) gives oft‘ the 
first two molecules of water with constant pressure, the following two 
also with constant but much lower pressure, and finally, the last 
molecule of water with the least pressure, so that the dissociation 
occurs in three stages — 

I. CuSO^ . 5 H 2 O - CuSO, . 311,0 + 2H,0 
IT. CuSO^ . 3 H 2 O = CuSO, . H,0 + 2 H 2 O 
III. CuSO^.ap -CuSO^ + lip, 

each of which possesses its own maximal pressure. A simple and 
certain method of determining the various stages by hydration is due 
to Muller-Erzbach.‘*^ The researches of Andreae show that the change 
in (] motion is disemtinmas. The ammonia compounds of the metal chlorides 
behave like salts with water of crystallisation (Isambert [1808], 
llorstmann [1876]). 

K. Hollmaiin has shown that mixeil crystals couhiiiiiiig water possess 
a vapour pressure which is independent of the water content within certain 
limits. He showed also that small quantities of an isomorphous mixture in 
all cases lowereil the vapour pressure of the crystal. The discovery that 
double salts also behave like simple crystals is of great intei’est ; if the 
vapour pressure of a series of mixtures of two salt hydrates which are 


^ The considerations advanced hy [lorstinann, ZeilHchr. Ghem. 6. 1 (1890), 

which ilerived the same result from the same standpoint of “solid solutions” do not at 
all contradict the preceding statements. 

See especially Zeitschr. phys, Ghem. 19. 13,5 (1896h 
•’ Zeitschr. phys. Ghcm. 7 . 241 (1891). Ibid. 37 . 193 (1901). 
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isoiiiorplioiis in all proportions be investigated, it is found that tlie vapour 
pressure curve shows a break where the coinpa^itioii corresponds with tliat of 
a pure double salt. This is the only method at present known for deciding 
whether a double salt is found in a complete isomorphous mixture series 
(p. 117). 


The Production of one Gas from several Solid Substances. 

— It can be shown here, by the same considerations which were 
advanced above, that for every temperature tlieie is a corresponding 
development pressure {Enkoicklungsdriick) which is independent of the 
relative quantities of the solid substjiiices. In fact, Isambert ^ demon- 
strated that the evolution of ammonia from lead oxide and ammonium 
chloride, in the sense of the equation 


PbO + NH^Cl = NH 3 + rb(()H)Cl, 


took place at the following maximum pressures for the corresponding 
temperatures : — 


t Pressure. t 

17-5'' 296 lum. Mercury liQ-T 

27*0" 420 ,, „ 48-9" 


Prossure. 

599 imn. Mercury 
926 „ 


At about 42° the maximum pressure is equal to the atmospheric 
pressure, and thus tliis point is the “ boiling-point ” of the system. 

Another interesting example of the preceding case has been found 
by Rothmund ^ when calcium carbide is formed according to the 
equation 

CaO + 3C = CaC2 + CO: 


a single gas is generated from this solid substance, and can therefore 
be in equilibrium with the system only at one given pressure for a 
given temperature. In point of fact it is found that above 1620° 
car})on monoxide is violently evolved with forinatioix of carbide, and 
that conversely below that temperature carbon monoxide at atmospheric 
pressure completely decomposes calcium carbide into lime and carbon. 


The Dissociation of one Solid Substance which produces 
several Gases. — When the volatilisation of a solid substance is 
attended, at the same time, with a more or less complete dissociation, 
then for a definite temperature there corresponds a definite dissociation 
pressure ; this latter amounts to the same, in the presence of an in- 
different gas, as in a vacuum. But the case where one of the resulting 
gaseous products of decomposition is present in excess, requires special 
treatment. 

Thus ammonium hydrosulphide has at each temperature a definitely 
corresponding vapour pressure ; but, as must be inferred from its 
vapour density, the gas mixture above it is almost comi)lctely dissoci- 

1 C\R. 102 , 1313 (1886). 2 Nachr., 1901, Heft 3. 
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ated into ammonia and hydrogen sulphide, i.e. in the sublimation the 
following reaction occurs : 

NH4SH^±NH3 + HgS. 

At 25*r the dissociation pressure of the gas amounted to 501 mm., 
without excess of the decomposition products, i.e. the partial pressures 
of the two gases, Nllg and H^S, were equal to each other, each being 
250*5 ' mm. 

According as one or the other of the two gases were present in 
excess, the partial {)ressures [pj and p.J for the state of equilibrium 
had the following values : ^ — 


NH., 

l>i 

HoS 

1>2 

1>JI>2 

208 

294 

60700 

138 

458 

63200 

417 

146 

60800 

453 

1 

143 

64800 


Mean 

62400 


As is obvious, the partial pressure of that gas which is not present 
in excess is diminished by the presence of the other, the dmociation 
presmre has fallen. This result may be theoretically developed in the 
following way. 

Ill the vapour of the ammonium hydro-sulphide, aside from the 
decomposed molecules, there are also some undecomposed molecules, 
though the number of the latter may be very small ; let their partial 
pressure amount to tt. Then by applying the equation of the isotherm 
of dissociation to the gaseous, we obtain 

= PlP2- 

But now, according to Dalton’s law, at constant temperature, the 
vapour pressure tt of the undccomposed molecules of ammonium hydro- 
sulphide must be constant ; and, according to the preceding formula, 
the same thing holds true for tlie product p^pg. Now, denoting the 
dissociation pressure by P, for the case where = pg (ie> where there 
is no excess of either of the decomposition products), we obtain 

p2 

KV = PiP2 = — . 

Now, in fact, this equation is found to be established by the pre- 
ceding table. The value of p^pg varies irregularly, and the mean 
value 62,400 approximately coincides with the [theoretical] value, 

1 Isiimbert, C.R. 92 . 919 ; 93 . 731 (1881) ; 94 . 958 (1882). 
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4 


SOP 

4 


= 62,700. 


The relations are very similar in the case of ammonium carbamate, 
a substance studied by Horstmann,^ to whom we are indebted for the 
first application of the law of mass-action to the dissociation of solid 
compounds, and therefore at the same time for one of the most 
striking demonstrations of the law. The substance, on sublimation, 
decomposes almost entirely in the. sense of the equation 

NH,-aCONH3:^2NH3 + CO,^. 

If WO denote the partial pressure of the ammonia by pj, and that 
of the carbon dioxide by pg, then the application of the equation of 
the isothonn of dissociation gives 

KV = pi^pa, 

where K' denotes the dissociation constant of the gaseous ammonium 
carbamate molecules, and tt their partial pressure. Now, since the 
latter is constant, in the presence of the solid salt, for any given 
temperature, the right side of the preceding equation must also bo 
constant ; and since tt, in contrast to the total pressure, has an in- 
finitesimal value, on account of the almost complete dissociation of 
the ammonium carbamate, we obtain 

Pi P 2 27 ^ 


where P denotes the dissociation pressure at the respective temperature, 
without excess of either of the dissociation products : and, therefore, 
two-thirds P denotes the partial pressure of the ammonia, and one-third 
P, that of the carbon dioxide. The addition of NH^, then, will depress 
the dissociation pressure a good deal more than the addition of CO^. 
Ilorstmann, and later, Isambertj^ found the preceding formula to bo 
well established. 


Reaction between any Arbitrary Number of Oases and 
Solid Substances. — This general case can be dealt with, according 
to what has preceded, without the introduction of any new assumptions. 

Thus, let V| molecules of the solid substfiiico and molecules 
of the solid substance ag, etc., come together with iq molecules of the 
gas Ap and molecules of the gas A.^, etc. ; and let them form v/ 
molecules of the solid sul)stance a/, and v^' molecules of the solid 
substance ag', etc., and also 11/ molecules of the gas A^', and rig' mole- 
cules of the gas A^', etc. Thus the reaction will occur, according to 
the general scheme, 

^ Lid>. Ann. 187 . 48 (1877). ' O.R. 93 . 731 (1881) ; 97 . 1212 (1883). 
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As above, let the partial pressures of the reacting gases be respect- 
ively p„ P 2 . . p/, p/. . . Now some of the molecules of the solid 

substances a^ a^, . . a/, a./, . . will certainly occur in the gaseous 

system, though, under the circumstances, in very small quantities, since 
each of those solid substances will have a certain vapour pressure; 
let this latter amount respectively to ttj, TTg . . TTg" . . ., etc. 

Thus the application of the law of mass-action to the gaseous system 
will give the following condition : — 

kTr/'Tr^''-^ • • • • • • = . . . p/"‘'P2'"2' . . . 

Here k and k' denote the velocity coefficients of the two mutually 
opposed reactions. 

Now if wo observe that, according to Dalton’s law, the vapour 
pressures of solid bodies are independent of the presence of other gases, 
and that they remain constant at constant temperatures, then we can 
l)ring the preceding e(piation to the form 

• • • = • • •. 

where k' denotes a constant, which again we will call the ejiidlibnum 
constant. Wo arrive thus at the simple result that in a consideration 
of the equilibrium conditions of a system containing gases reacting on 
each other in presence of solid bodies, we proceed just as before, and 
neglect only those molecular species which are present at the same 
time in the solid form. 

As has been already noted, Guidberg and Waage expressed this 
result in the statement, that the active mtss of a solid substance is constant. 

As an example of this, let us consider a reaction which was studied 
by Deville,^ 

3Fe + 4H20 = Fe 304 + 4H2. 

If steam at the pressure p acts upon iron at quite high temperatures, 
the reaction reaches its completion when the partial pressure p' of the 
hydrogen produced reaches a definite value. The application of the 
general equation preceding loads to the relation that p"* and p'^ must 
be proportional, and therefore p and p' must be so also. 

Dovillc’s experiments were carried out in the following way. A 
tube containiiig finely divided iron, and heated to a high temperature 
communicated with a retort containing liquid water at constant 
tem|iorature. Hence at equilibrium the partial pressure of the water 
vapour in the whole apparatus was equal to the vapour pressure of 
the liquid water, corresponding to its temperature. The gradual 
increase of total pressure which took place was due to the hydrogen 
evolved during the reaction. The numbers obtained by Deville only 
partially agree with theory : the supposition that the gas mixture in his 
experiments never became homogeneous owing to slowness of diffusion 

1 Lieb. Anti. 167 . 76 ( 1870 ). 
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has been confirmed by Preuner.^ This investigator repeated Deville’s 
experiments with *a more suitable apparatus, and obUiined values 
which agree fully witli the law of mass-action — as the following table 
shows : — 




P. 

!>• 

P- 


8*8 

13*5 

o*r>5 

12-7 I 

18*0 

0-71 

25*1 i 

37-4 

0-67 

2.5*4 1 

1 54*1 

0*65 

49*3 

71*8 

0*68 

•> 


The pressures are given in millimetres of mercury. The tempera- 
ture of the iron was 900^. 

Explanation of the preceding General Case by Means of 
Sublimation and Dissociation. — When a number of bodies react 
with a single gas phase we may consider the reaction in general, as 
has already been shown on-p. 513 for the special case of the dissociation 
of calcium carbonate, as occurring in the form of a sublimation of the 
solid bodies which then react as gases. We may similarly consider 
the reaction in the gaseous phase as consisting in a dissociation of the 
reacting molecules into simpler components, which then recombine to 
new molecules. 

The chemical process is thus reduced to sublimation and dissociation, 
and, however complicated the case, it may be calculated when we 
know the sublimation pressure and dissociation constants of all the 
reacting molecules. It would be an important problem for future 
chemical investigation to determine these quantities for as many gases 
as possible and to find general rules for their calculations. 

This may be elucidated by one or two applications. Ammonium 
chloride at ordinary temperatures has an exceedingly small sublimation 
pressure, probably to be reckoned in thousandths of a millimetre of 
mercury ; ammonia and hydrochloric acid in the gaseous phase can 
remain in equilibrium with solid sal-ammoniac, and the product of the 
partial pressure of these gases is constant at a constant temperature. 
If, then, by any means we reduce the partial pressure of hydrochloric 
acid, that of ammonia must increase, if the partial pressure of hydro- 
chloric acid is made excessively small that of ammonia will become 
very considerable. If solid lime be added to sal-ammoniac, the hydro- 
chloric acid is almost completely absorbed; the partial pressure of 
ammonia must therefore increase, since the product of the partial 
pressure of hydrochloric acid and ammonia must remain constant 

^ Zeitschr. phys. Chem. 47. 385 (1904). 
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SO long as solid sal-ammoniac is present. Actually even at room 
temperature ammonia is evolved from a mixture of sal-ammoniac and 
lime with considerable partial pressure, and it is certainly very note- 
worthy that small sublimation pressures of bodies that dissociate on 
volatilisation can be raised to considerable amounts by sufficiently 
thorough absorption of one of the components. On the other hand if sal- 
ammoniac is mixed with phosphorus anhydride, the pressure of 
ammonia is made exceedingly small and hydrochloric acid is violently 
evolved. The formation of carbon dioxide from calcium carbonate by 
acids may be regarded in the same manner. The partial pressure 
of calcium oxide in the gaseous phase is extremely reduced, that of 
carbon dioxide is consequently considerably raised, since so long as 
solid calcium carbonate is present the product of the partial pressure 
of COg and CaO must bo constant. Mercury salts are little volatile 
at low temperatures, but if copper filings are brought in contact with 
them the negative radical of the mercury salt is combined, and the 
partial pressure of the mercury vapour reaches such an amount that, 
on moderate warming, enough mercury is given off to serve as the 
basis of an analytical test for mercury. 

Lead peroxide gives no perceptible partial pressure of oxygen ; if, 
however, we make the partial pressure of PbO extraordinarily small 
by adding sulphuric acid, oxygen is evolved. 

These conclusions indicate an indirect way of measuring sublimation 
pressures which in themselves would be extremely small. 

The Equilibrium between a Liquid Phase and Solid Sub- 
stances — The Solubility of Solid Substances. — The description 
of the particular cases in which solid substances are in equilibrium with 
a liquid (solution) should bo prefaced by the general remark, that here 
a behaviour is found which is completely analogous to the equilibrium 
between a gaseous phase and solid substances. Thus the solution of a 
solid substance in any solvent is a process which has the greatest 
similarity to sublimation. In both cases the process is ended as soon 
as the expansive force of the evaporating or dissolving substance is 
held in equilibrium by the gas pressure of the vaporised molecules, 
or by the osmotic pressure of the dissolved molecules, respectively. 
And, therefore, for the reason already mentioned (p. 142), we call the 
osmotic pressure of a saturated solution, “the solution pressure’’ of 
the respective substance, in order to make quite clear the analogy to 
vapour pressure or sublimation pressure. 

The solubility varies with the nature of the particular substance, 
and will always be affected more or less by any change in its chemical 
composition, or physical properties (as the crystal form, e.g.) ; thus, e.g. 
in general, the different solid hydrates of a salt will have different 
solubilities. 

In determining solubilities, the condition of the solid substances 
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which exist in equilibrium with the solution must always be carefully 
noticed. Moreover, the solubility depends also upon the nature of 
the solvent, and upon the temperature; usually, but not always, it 
rises with the temperature. 

The analogy between solution and sublimation, or dissociation, of 
solid substances is very clearly shown by the influence of foreign sub- 
stances which are present. The solubility of a solid substance is no more 
changed by the (moderate) addition of anothei* substance — provided 
that the foreign substance does not react chemically on the first — than 
is the sublimation pressure changed by the presence of foreign 
indifferent gases. 

In the following, we shall fix our principal attention on dilute 
solutions, as before. It is practically only these whose laws have been 
investigated, and so we shall consider mainly the behaviour of 
difficultly soluble substances. At higher concentrations the whole nature 
of the liquid, including of course its capacity as solvent, undergoes a 
considerable change, and therefore the laws which will be developed 
below must experience large modifications, which, however, are 
seldom so sweeping as to prevent us from obtaining at any rate a 
qualitative idea of the phenomena inyolvcd. 

The particular “ specific ” influences which enter hero and tend to 
obliterate the simple regularities of dilute solutions have great interest 
and deserve a thorough study. It is only recently that the first 
deliberate step has been made in this direction.^ 

Solubility varies very greatly with the nature of the solvent ; this 
may be described as an effect of “ the nature of the medixmf but nothing 
more about it is at present known. If another substance be added to 
a solvent in a very small quantity the nature of the medium is not 
altered — that is, a dilute solution of a given substance has the same 
solvent action as the pure solvent. When, however, a considerable 
quantity of the added substance is present the nature of the medium is 
altered, and according to present observations this may take place some- 
what rapidly — that is, with a higher power (for example, the second) 
of the concentration of the added component. Thus if alcohol is 
added to an aqueous solution of cane-sugar, the sugar is precipitated 
because it is much less soluble in the newly formed medium.^ 

According to recent investigations the solvent action of wat(*r is usually 
much reduced by addition of electrolytes, especially those Avith multivalent 
ions ; this is in all probability related to the fact (p. 421) that the density of 
water is considerably influenced by the presence of other ions. 

A good example of the influence of the nature of the medium is to be 


^ G. Bodlander, Zeitschr. phys, Chem. 7 . 308 and 858 (1891). 

^ *See especially the monograph by Rothmund, “ Ldslichkeit und Loslichkeitsbeein* 
flussung,” Leipzig, 1907. 

• See especially Roth, Zeitsch/r. phys, Chem, 24 . 114 (1897) ; Rothmund, ibid 
33 . 401 (1900) ; W. Biltz, iMd, 43 . 41 (1903). 
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found in the lesearclies of Vi Hard on the solvent action of compressed gases.^ 
In a vacuum or in a dilute indifferent gas solids and l^uids diss(»\e in 
accordance with tlieir vapour prtissiire ; if, however, the indifferent gas is 
strongly compresst'd, say at 100 atmosphei-cs, s])ecilic solvent action appears ; 
thus bromine evaporati^s in an atinosj^here of coinpreKsed oxygen in much 
greater quantity than in a vacuum; compressed hydrogen has much smaller 
solvent j)Ower. 


Solubility of Hydrates. — It may be expected on theoretical 
grounds that the action of other substances should affect the solubility 
in water of salts contfiining water of crystallisation even when the 
action is too small to alter the nature of the medium. We will not 
go into the thermodynamic consideration of this influence here ; it is 
easily seen, however, that the water contained in the dissolving solid is 
taken up by the solvent the more easily the lower the vapour pressure 
of the dissolving water, and hence is more strongly dissolved ; in other 
words, the solubility of a hydrate in water is increased by the addition 
of a foreign substance the more such addition reduces the vapour 
pressure of water. For further details see the complete theoretical 
and experimental investigation of H. Goldschmidt.^ 

Equilibrium between Solids and Solutions.— This case is 
ol)viously to be treated in the same way as the equilibrium between 
solids and gaseous phases. The concentration of each kind of molecule 
present in the solid state remains constant when the equilibrium is 
displaced, and the law of mass-action can ho applied to homogeneous 
solutions in the manner given in the preceding chapter. 

The simplest case of this kind is dissociation on solution, such as 
occurs with racemic acid and similar compounds which, on solution, 
break up into dextro and hevo modifications, and also with many 
double sivlts and salts with water of crystallisiition which break up 
into their components (the two single salts or salt and water), and 
most frequently of all with the solution of salts which dissociate into 
ions. 

The e(j nations for this case are as follows.^ If u is the concentra- 
tioTi of the undissociated comixjncnt we have 

u = const. ; 

if and u^ arc the concentrations of the two components into which 
the compound breaks up in solution the equation of the dissociation 
isotherm is 

Ku = upig. 

1 Jonni. dt phijs. [3], 6. 453 (1896) ; ref. Ztitsrhr. phys, Chan. 28. 373 (1897). 

Zeitschr. phys. Chem. 17. 148 (1896). 

® Nerust, Zeitschr. itftys, Chem. 4 . 3/2 (1889). 
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So long as the dissociated substance is present in the solid state u 
is constant, and we have therefore 

npi.^ = const. 

We thus have the same equation as that given on p. 51 6 for the 
dissociation of ammonium sulphydrate. 

E. Bohrend ^ lias carried out a study of the foro^ing equation. 
If anthracene and picric acid are mixed in alcoholic solution, anthracene 
picrate is formed according to the equation 

CiJT,o + CbH,(NO,),,OH = (C,,H,„) . (C„H,[NO,],,OH) ; 
this becomes evident to the eye from the marked red coloration of the 
solution, but the compound is only formed to a small extent, i.e. it is 
largely dissociated in solution. 

Now the solubility of anthracene and picric iicid were determined 
and found to be 0*176 tand 7*452 grms. in 100 parts of solution at 
25°. Then a series of solutions of varying composition were analysed, 
some containing anthracene and some antliracene picrate in solid form ; 
the results of these determinations are given in the following table : — 



1 


3 

4 

5 

<) 

7 

8 

9 : 

10 

Anthracene 

a 

0*190 

0-206 

0-215 

0-228 

0-236 

1 

0-202 

0-180 

0-162 

0-151 1 

0-149 

Picric acid 

P 

1-017 

2-071 

2-673 

3-233 

3-469 

3-994 

5-087 

5-843 

6-727 ! 

7*511 

nthracene diss. 
Wl 

0-176 

0*176 

0-176 

0*176 

0-183 

0-149 

0-127 

0-109 

0-098 

0-096 

icric acid diss. 
11*2 

0-999 

2-032 

2-623 

3-166 

3*401 

3-926 

' 5-019 

5*775 1 

6 -6.59 1 

7-443 

Picrate 

n 

0-032 

0-069 

0-089 

0-119 

0-121 

0-121 

0-121 

i 

0-121 

0-121 

0-121 

”i ‘ 

u 


r .*2 

5-2 

4-7 

5-1 

4-8 

5-3 

5-2 

i 

5-4 

5-9 


a and p arc the amounts of the two components present in the 
solution partly free, partly combined. In solutions 1-4 anthnicone was 
in excess, in solutions 6-9 solid anthracene picrate was present ; 5 was 
saturated with both bodies, 10 with the picrate and picric Jicid. 

Solutions 1-4 contain more anthnicene than corresponds to its 
solubility (0*176); the excess must be in the form of picrate in 
solution ; this quantity is given in the fifth line of the table. If the 
amount of picric acid present in the form of picrate bo subtracted 
from p we obtain the values of Ug given in the fourth horizontal line. 

1 ZeiUehr, yhys. Chmn, 16 . 183 (1894). 
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Solution 5 is saturated both with anthracene and with 
picrate; the amount of picrate here present, which is equivalent to 
0*2.36 - 0*176 = 0*060 grm. of anthracene, and therefore amounts 
229 + 178 

to 0*060 — — =0*137 (since 229 and 178 are the molecular 

weights of picric acid and anthracene), gives the amount of uridissociated 
picrate which must be present in all the solutions containing solid 
picrate in excess. This amount may, however, also be calculated from 
solution 10, which is saturated with picric acid and picrate, and 
contains 7*511 -7*452 = 0*069 of picric acid more than corresponds 
to the solubility of ‘picric acid. This quantity can also only be 
present as picrate, and we thus find for the amount of undissociated 
229 + 178 

picrate 0*059 =0*105. The mean of these two determina- 

tions (0*137 and 0*105) is 0*121; this is taken as the value of u in 
solutions 5-10 with solid picrate present. Uj in these solutions is 
naturally calculated by subtracting u equivalents of anthracene from 
the total amount of anthracene present as picrate, and Ug is determined 
in a similar manner. 

The theory requires that for all the solutioi\s the expression 


should hold, and, in point of fact, this expression was found constant 
within the errors of observations. In solutions 5-10 on account of 
the constancy of u 

UjUg = const., 

and for the solutions 1-5 on account of the constancy of u^ 


^^2 

^ = const, 
u 


If we evaporate an alcoholic solution of anthracene and picric acid, 
then according to the ratios of the masses present, either anthracene, 
picrate, or picric acid will sepfirate out-— according to which first 
reaches its solubility limit. If we assume that the solution contains 
picric acid in slight excess, then, on evaporation, anthracene will first 
separate. The picrate will only be deposited when the mass of picrate 


acid is 


3*469 

0*236 


= 14*7 times as great as that of the anthracene in 


solution. 

Ill this case both anthracene and picrate will be present in the 
solid state, i.e. u and u^ are constant. Hence Ug is also constant, 
and the solution remains unaltered on further evaporation. But 
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evaporation will cause at first a rise in the concentration of picric 
acid. This can only be counteracted by more anthracene going into 
solution, combining, and then separating again as picrato. In this 
way the anthracene already deposited gradually disappears. When 
the disappearance is complete, only picrate is present in the solid form, 
and we now have a condition such as solutions 6-9 represent. Finally, 
on continued evapoi*ation, the solution becomes saturated with respect to 
picric acid. The solid bodies present are now picrate and picric acid, 

u and u^, and hence also u^ are constant. On further concentration 
the solution remains therefore unchanged, and a mixture of picric acid 
and jncrate is deposited until all the alcohol is pvaporatcd oft*. Thus 
if wo know the respective solubilities of the se]>arate ingredients as 
well as the conditions of equilibrium in the solution, we have a means 
within certain limits of crystallising out, and obtaining in pure form, 
any desired molecular species. For instance, in order to obkiin pure 
anthracene picrate, we must crystallise from an alcoholic solution 
containing a large excess of picric acid. 

If the solubility of picric acid happened to be less than 3-401 it 
would be obviously impossible for the picrate to cryst^dlisc out (?>. 
excluding supersaturation). Hence it follows that compounds formed 
in solution cannot necessarily bo obtfiined in the solid form by ciystal- 
lisation. Their constitution in this case can only be ascertaine<l by 
a careful study of the equilibrium obtaining in solution. If we treat 
the pure picrate with alcohol, its solubility is groat enough to cause 
the resulting solution to become supersaturated with respect to 
the anthracene formed by dissociation. Hence solid anthracene is 
deposited, e.^., the compound is decomposed by alcohol. 

The ])ehaviour of doulde salts on crystfillisiition and solution is very 
similar, only here wo have the extra phenomenon to deal with, that 
the component salts are usually highly electrolytically dissociated by 
the water. ^ 

Several Phases of Variable Composition— The Vapour 
Pressure of Solutions. — We may now advance a step further and 
consider the Civse where sevei'al phases of valuable composUimi occur in a 
system : these phases may ocair in the gaseous (xr liquid state. 

The state of equilibrium which is established between a dilute 
solution of a substance which is not noticeably volatile, and the vapour 
emitted, is completely determined by the formula for the vapour 
pressure ; according to this, the relative depression of the vapour pressure, 
which is experienced by the solvent on adding a strange svhstance, is equal 
to the ratio of the number of dissolved molecules to the number of molecules 
of the solvent (p. 147). For concentrated solutions, this law is at least 
suitable as a first approximation, 

^ See the detailed work of van ’t Hoflf, BUdung und Sjxdtung von Doypdscdzcn, 
Leipzig, 1897. 
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In the sense of the kinetic method of the consideration of chemical 
efiuilibriura, we must conceive of this law also in a dynamic way ; 
thus, .6.^. in the coexistence of a water solution and of water vapour, 
at every moment, as many molecules of water vapour will be emitted, 
from every portion of the surface of a solution, as are precipitated by 
condensation. 

We will now consider that case which is in extreme contrast to the 
last — namely, where only the dissolved substance evaporates from the 
solution, or at least where its volatility is more pronounced than that 
of the solvent; and where the vapour pressure, exerted by the vapour 
emitted by the solvent and by the solution, is due almost exclusively 
to the molecules of the dissolved substance. When the dissolved siib- 
stfince, as such, stands at the same osmotic pressure that its vapour has 
at the same concentration, or in other words, when its molecular con- 
dition does change on evaporation, then, according to p. 150, a 
proportionality must exist between the concentrations of the dissolved 
substance in the two phases of the system considered. 

Under these circumstances, Henryks law of absorption holds good. 
Let us denote the osmotic pressure of the dissolved substance in the 
solution by tt ; and by p, the gas-pressure which the evaporated sub- 
stance has in the space in contact with the solution. Then at constant 
temperature, we have 

TT = Lp, 
or 

c = LC, 

where c and C are the concentrations in the two phases. 

The proportional factor L wo will call the solnUlity coefficient of the 
respective substance. It has this simple relation to the ahsoiytion 
coefficient, in that it may be obtained from the latter by multiplication 
by (1 + 0’00366t), where t denotes the temperature of the experiment. 
By the term “absorption coefficient,” according to Bunsen,^ is meant 
the volume (referred to 0° and 760 mm. pressure) of the gas which 
is absorbed by unit volume of the solution. 

The proportionality between the osmotic pressure and the gas 
pressure may be easily understood by means of the molecular theory. 
Wlien the solution is in equilibrium with the vapour in the space above 
it, then at every moment there are as many molecules of the dissolved 
substance emitted by the solution as are precipitated upon it from the 
gas space. But now since the quantity both of the emitted and of the 
absorbed molecules is proportional to their number, therefore these 
quantities must also be proportional respectively to the concentration 
in the solution and in the gas space ; and there must also be a pro- 
portionality between the two latter values. 

It thus becomes obvious how the identity of tJie molecular weights of 

^ Oasometrische Mclhoden, Braunschweig (Brunswick), 1877. 
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the dissolved substance in the solution and in the gas space is a neces- 
sary condition for the relevancy of Henry’s law ; because otherwise 
the number of emitted and of precipitated molecules would not be 
proportional to the concentration. If different molecular species, but 
such as do not react upon each other, are present, they, of course, do 
not have any influence on each other, Le. each of the different gases 
of a mixture is dissolved as though the others were not present 
(absorption law of Dalton). 

The Law of Distribution. — Moreover, the case wlicre several 
molecular species (which may react chemically upon each other) 
evaporate at the same time, from any selected solvent, may likewise 
be referred to the preceding case by means of a kinetic treatment. 
For the method of treatment, which was advanced for the case of one 
molecular species, may be applied unchanged to each of several 
molecular species participating in the chemical equilibrium, which has 
become established in the solution and in the Aapour space above it. 
For in order that equilibrium can be attained it is obviously necessary 
that just as many molecules of each S 2 )ecies enter the liquid at any 
moment as are driven out- -because otherwise equilibrium would bo 
continually disturbed. 

We thus arrive at the result, that at a given feaiperaiare for every 
molecular species there exists a constant ratio of distrihution between a solvent 
and its vapour space ; and this is indepemlent of the presence of other mole- 
cular species, whether the particular molecular species is chemically reactive 
with the other or not} 

The simultaneous Evaporation of the Solvent and of the 
Dissolved Substances.— This case, which, strictly speaking, should 
bo considered alone, may bo solved by a combination of the laws just 
given. It may be stated as follows : — 

1. The partial pressure of the solvent in the vapour which stiinds 
in equilibrium with the solution is equal to tho vapour pressure p of 
the pure solvent at the respective temperature, diminished by the 
depression caused by the dissolved substance ; this depression, accord- 
ing to van ’t Hoff’s vapour-pressure formula, is 

n 

Pn + ii’ 

where n denotes the total number of dissolved molecules, in pro- 
portion to N molecules of the solvent.^ 

^ Nerijst, Zeitschr. pht/s. Chem. 8. 110 (1891) ; see :ilso Aulicli, Und. 8 . 105. 

If the total pressure changes coiisi<lerably in tlie gtw pha.'^e, it must he reiiieniliered 
that the vapour pressure of the solvent changes with external pressure, as will he proved 
therino-dynuniically later. See Book IV., chap, iii., “ Inlluence of uneciual pressures.” 
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2. The vapour pressure p^ pg . . . of the dissolved substances can 
be calculated from the formulae 



if TTp . . . denote the partial osmotic pressures of tiie particular 
molecular species existing in the solution, and if L^, Lg . . . denote 
their respective solubility coefficients. 

The partial pressure of each of the particular molecular species 
ill the gas space is, moreover, proportional to the concentration in the 
solution. When no change of the molecular state {Le. neither disso- 
ciation nor any other reaction between the dissolved and the evapor- 
ating substances) is associated with a change in the concentration, 
either in the solution or in the gas space, then the total pressure of the 
dissolved substances in the saturated vapour is proportional to the 
concentration in the solution. But this ceases to be true when there 
occurs a displacement of the equilibrium existing between the dis- 
solved substances (the displacement being identified with a change 
in the number of molecules), as a result of a change in the concen- 
tration. 

In order to prove these requirements of my theory, I investigated 
the equilibrium existing between solutions of acetic acid in benzene 
and their .saturated vapour. Acetic acid, both in solution and in a 
state of vapour, is a mixture of the molecules (CHgCOgll) and 
(ClIaCOgH).^; and since the degree of dissociation changes with the 
concentration, it was anticipated that Henry's law would not hold 
good for the vapour of acetic acid. 

The measurements of the partial pressure of the vapour of acetic 
acid were accomplished by determining the changes of the boiling- 
point occasioned by the addition of acetic acid to benzene, and were 
exactly measured by Beckmann's apparatus. 

The partial pressures sought were obtained by the differences 
between the observed changes in the boiling-point and those calculated 
from the vapour pressure formula. In the following table, m denotes 
the number of g. of acetic acid dissolved in 100 g. of benzene ; and 
x its degree of dissociation, as is inferred from the boiling-point 
determinations of dilute solutions of related non-volatile acids, and 
calculated for the different concentrations, according to the equation 
of the isotherm of dissociation, 

mx2 

= constant. 

1 -x 

Hero p is derived from the changes in the boiling-point, the partial 
pressure of the acetic acid being expressed in mm. of mercury. 
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< in . 

1 

X. 

j > oils . 

p Calc . 

A . 

a . 

0-150 

0-20 

2-4 

2-6 

2-24 

0-87 

0-663 

0-10 

6-6 

6-5 

2-44 

0-70 

1-64 

0-065 

11 -S 

11-6 

2-61 

0-60 

, 1*87 

0-061 

12-9 

12-6 

2-63 

0*58 

1 2-60 

0 -0.^.6 

16-1 

15-7 

2-71 

0-54 

4-13 

0-042 

21-8 

21-4 

2-81 

0-48 

5-00 

0-038 

23-6 

23-9 

2-83 

0-47 

6-83 

0-033 

31-4 

31-1 

2-96 

0-40 

7-53 

1 0-031 

1 33-5 

33-4 

2-99 

0-38 

8-42 

0-029 

30-4 

36-4 

3-02 

0-36 


Hero there is no proportionality between m and p as is required 
by Henry's law in its ordinary form ; but this holds true, nevertheless, 
for the two particular molecular species, the double and the single 
molecules, of which the acetic acid vapour is composed. This is 
shown by the following calculation. 

The number of normal molecules in the solution is proportional to 
the value of mx, or also of \/ -x). The degree of dissociation a 
for the gaseous state is calculated from the vapour density A of acetic 
acid to be 

4*146- A 
A ’ 

whore 4*146 represents the value of the vapour density of acetic acid 
when a - 0. The vapour densities A, given in the fifth column, and 
corresponding to the temperature of observation (the boiling-point of 
benzene being 80°), are calculated from the equation of the isotherm 
of dissociation (p. 488), viz. — 

A~2;07^ 

(4446'-"A)2p~' 

where, according to (ribbs,^ at 80°, K' may be placed at 0’0201. 

Now, since the number of normal molecules in unit volume of the 
vapour is proportional to the product of the mass of the acetic acid 
vapour in unit volume and its degree of dissociation, i.e. to the 
expression 

Apa = Ap“~^-^ = p(4*14G - A), 

a proportionality must exist between the values, 

\/m(l-x), and p(4*146-A). 

Now, as a matter of fact, we find that the values of p given in the 
fourth column, and calculated from the formula 

Hg. 

^ SiU. Journ. (Am. J. Set.), 18 . 371 (1879). 

2 M 
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coincide with the results of observation in a remarkable way. The 
proportional factor 14*4 corresponds to the solubility coefficients of the 
CHgCOgH molecules. 

Similar results are obtained in the measurement of the pressures of 
ethereal solutions of water, which substance, like acetic acid, tends to 
form double molecules, in this case (H 20 ) 2 . 

The Mutual Solubility of Liquids. — Many liquids have the 
property of mutually dissolving each other to a limited extent, as 
water and ether, e.g. For each temperature there is a corresponding 
soluljility of each in the other. 

Usually both of the mutual solubilities increase with increasing 
temperature. Then the compositions of the two solutions approach 

nearer and nearer together on raising 
the temperature, until complete miscibility 
occurs, a phenomenon which reminds one 
of the critical temperature. 

Sometimes both solubilities diminish 
with increasing temperature, or finally, 
the one may increase and the other may 
diminish, as is the case with water and 
ether. Thus if one warms water satur- 
ated with ether [the water being the 
solvent], or cools ether saturated with 
water [ether being the solvent], in both 
cases it is noticed that a cloudiness is 
formed in the originally clear liquids. 
From this it follows that the solubility 
of ether in water diminishes with rising 
temperature ; but, inversely, that that of 
water in ether increases with the tem- 
perature. 

These relations have been thoroughly 
investigated first by Alexejew ^ and later 
by Rothmund.- The diagram represents 
some results obtained by the last-named 
author from measurements of the mutual 
solubility of carbon bisulphide and methyl alcohol. 

The upper branch of the curve represents the composition of 
saturated solutions of methyl alcohol in carbon bisulphide, the lower 
the composition of those of carbon bisulphide in methyl alcohol. At 
40*5° the curves are concurrent — i.e. above this temperature the two 
liquids are miscible in all proportions. As a rule all the pairs of 
liquids investigated behaved similarly ; very occasionally a maximum 

1 Alexejew, Wied. Ami. 28. 305 (1886). 

® Zeitschr. phys. Cheni. 20. 433 (1898). 


Temperature 
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or minimum was found in one or both curves. If we plot the mean 
values of the composition of two corresponding solutions we obtiiin in 
every case a straight line (see diagram), a regularity which is analogous 
to the law of Cailletet and Mathias (p. 229). As the “ critical solution 
temperature” can be relatively easily and exactly determined, the 
ordinate which corresponds to the critical temperature, and gives the 
composition at which the two solutions become identical, can be easily 
found by a straight line of interpolation. The direct determination of 
the composition is less simple, because it changes very sharply with 
the temperature in the neighbourhood of the critical solution 
temperature. 

Two liquids, which are mutually soluble to a limited degree, are in 
equilibrium with each other when they have dissolved each other to 
saturation. From this it follows that the saturated vapours eimtted hy 
each of the two layers have the same pressttre and the same composition. 
For, since the two layers of the mixture are in equilibrium with each 
other, their saturated vapours must be also ; for otherwise the condi- 
tion of equilibrium would be destroyed, resulting from a distillation 
process which would change the composition of the two layers. This 
requirement of the theory has been experimentally established by 
Konowalow (p. 109). 

Moreover, the partial pressure of each one of the two ingredients 
must be smaller than that corresponding respectively to each of the 
pure solvents, because each of the solvents has experienced a depression 
of its own particular pressure, by reason of having dissolved some of 
the other solvent. The magnitudes of these depressions depend of 
course upon the respective molecular weights, and upon the mutual 
solubilities. They are very small when the solubility is very slight, 
as is the case, e.g.^ with water and carbon disulphide. In such cases 
the resulting vapour pressure is simply equal to the sum of the two 
vapour pressures which each of the two liquids respectively would 
have independently. 

When one of two liquids [A and B] (the mutual solubility of 
which for each other is limited) dissolves still another substance [('], 
then the mutual solubility of the former [A or B] for the other [1^ or 
A] is diminished, in accordance with the laws of solubility already 
stated (see p. 147). 

The Distribution of a Substance between Two Solvents. — 

The laws which have already been stated for the evaporation of a 
substance existing in solution, Le. for the distribution of a substance 
between a gaseous and a liquid phase, may be applied without further 
remark tp the distribution of a substance between two liquid phases. 

Now, by the partition coefficients of a substance between two solvents, 
we mean the ratio of the concentrations which the one substance has in 
these two solvents, after equilibrium is established j and thus, by a 
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simple extension of the law developed on p. 527, we arrive at the 
following results : — 

1. If the dissolved substance has the same molecular weight in 
each of the two solvents, then the partition coefficient is constant for any 
given temperature (compare also p. 156). 

2. In the presence of several dissolved substances, each molecular 
species distributes itself as though the others were not present. 

3. If the dissolved substance does not exist as a unit, but is 
influenced by dissociation, then law 1 holds good for each of the 
molecular species resulting from the dissociation. This also follows 
immediately from the application of law 2. 

Thus succinic acid is divided between ether and water, with the 
following constant partition coefficient : — 



■ -- 


Cl. 

Co. 

Cl 

ca’ 

0-024 

0-0046 

5-2 

0-070 

0-013 

5-2 

0-121 

0-022 

5-4 






Here c^ and Cg denote the number of g. of acid dissolved in 10 c.c. 
of water and of ether respectively. This was to be expected, because 
succinic acid lias its normal molecular weight both in ether and also in 
water, disregarding its very slight electrolytic dissociation in the latter. 
Similar results were found by Berthelot and J ungfleisch ^ for similar 
cases. 

But, as was to be expected, very different results were found by 
the writer ^ in the study of the distribution of substances which have 
different, molecular weighs in the two solvents. Thus, c^ and c^^ denoting 
the varying concentrations (i,e. the number of g. in 10 c.c. of the 
solvent) of benzoic acid in water and benzene respectively, the follow- 
ing results were found : — 




(-1 

Cl 

Cl. 

C.J. 

e.>* 

v^e2 

0-0150 

0-242 

0 062 

0-0305 

0-0195 

0-412 

0-048 

0-0304 

0-0289 

0-970 

0-030 

0-0293 


Here the quotient is not constant, because the acid has its 
^2 

^ Ann. chiin. x^tiys. [4], 26 . 396 (1872); Bertlielot, ibid. 408. 

Nenist, Zeitschr, phys. Chevi. 8. 110 (1891). 
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normal mol, wt, in water (disregarding again a very slight electrolytic 
dissociation), while in benzene the double molecules preponderate. Now, 
the number of normal molecules in the latter solvent [benzene], 
according to the laws of dissociation, is proportional to the scpiare 
root of the concentration ; and thus the law of distribution requires a 
proportionality between c^ and \^c., ; and as a matter of fact we find 

the values of the expression given in the last column, 

very constant. 

This constancy disappears at extreme dilution, because in this 
case the benzoic acid in the benzene is decomposed increasingly into 
single molecules. The writer calculated the degree of dissociation 


from the change in / - , and thus proved that the ecpiation of the 

isotherm of dissociation also holds good for the decomposition, in 
solution, of double molecules, 

Hendrixson ^ has made more exact measurements of this kind and 


thoroughly established the theory. The following table refers to the 
partition of benzoic acid between benzene and water at 10'’ ; Cj is the 
number of grms. of benzoic acid contained in the acpieous phase for 
200 grms. of water, Cg the corresponding quantity for the benzene 
phase; a is the degree of electrolytic dissociation in water (see the 
following chapter), c^(l - a) therefore the quantity of benzoic acid in 
its normal state in the aqueous phase. Taking as the ratio of partition 
for normal molecules k = 0*700, it follows that the number of normal 


molecules in the benzene phase is 


the numlier of double molecules in the benzene phase is therefore 
naturally C 2 - m. To test the theory the last column gives the 
dissociation constant 


which is found to be constant within the limit of errors of observa- 
tion; this proves both that the dissociation isotherm holds for the 
dissociation of double molecules into simple, and that the simple 
molecules (as also the double molecules) possess a ratio of partition 
independent of concentration or degree of dissociation. 


^ Ztiilschr. aiwry, Chan, 13, 73 (1897). 
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Cl. 

C‘j. 

a. 

Ci(l - a). 

m. 

C2-ni. 

m2 







C2-ni 

0*0429 

0*1449 

0/169 

0*0357 

0*0510 

0*0939 

0 0-277 

0*0562 

0-2380 

0*149 

0-0474 

0-0677 

0-1703 

0-0269 

0*0823 

0-4726 

0-125 

0-0720 

0-10*29 

0-3697 

0-0286 

0*1124 

0-8843 

0-104 

0*1007 

0*1439 

0-7404 

0*0279 

0-1780 

2-1777 

0-0866 

1 0-1626 

0-2323 

1*9454 

0-0277 

0-2430 

4*0544 

0*0747 

! 0-2249 

0-3213 

3-7331 

0-0276 

0-2817 

5*4851 

0-0695 

0*2621 

0-3743 

5-1108 

0-0274 






Mean K~ 

0*0277 



_ . 

. 

1 





In the same way it was found that at 44° 

k- 0*477 K= 0*122. 


Application of the Law of Partition to Determination of 
Chemical Equilibrium. — Just as on p. 523 the solubility was 
applied to determine the ratio in which the different species of 
molecules take part in equilibrium, so we may make use of a partition 
of a substance between two solvents for the same object. This has 
been done practically in the table in the foregoing paragraph ; the 
following examples, which illustrate the application of this method 
to more complicated cases, show that the law of partition has a 
certain advantage Jis compared with the principle of constant solu- 
bility in application to such cases, for the latter refers only to a 
single concentration, namely that of saturation, whereas the former 
is not so limited. 

1. Bromine is shared between water and carbon disulphide in a 
constant ratio, the molecular weight corresponding to the formula Brg 
in both solvents. If potassium bromide is added to the water, it is 
found that a considerably larger amount of bromine passes into the 
a({ucous layer. This quantity must be used in forming a new species 
of molecule ; Koloff,^ who, at my instance, first made use of the law 
of partition to study chemical equilibrium, was able to show that 
bromine forms, by addition of potassium bromide, the electrolytically 
strongly dissociated salt KBr^. 

2. The ratio of partition of chlorine between water and carbon 
tetrachloride varies considerably with the concentration. This, as was 
shown by A. A. Jakowkin,^ depends upon the fact that chlorine acts 
on water according to the equation 

C1o + H20=:HG1 + HC10. 

If the amount of unchanged chlorine is used for the calculation, a con- 

^ Zeitschr. phys. Chem. 13.341(1894). Tlie corresponding investigation on the forma- 
tion of potassium triodide has been carried out by A. A. Jakowkin (see ibid. 20. 19, 1896). 

- Bcir. Deutsch. Ohem. Oes. 30. 518 (1897) ; Zeitschr. phys. Chem. 29. 613 (1899). 



OH. Ill CHEMICAIi STATICS — HETEROGENEOUS SYSTEMS 635 

stant ratio of partition is arrived at ; in calculating this the electrolytic 
dissociation of the hydrochloric acid formed must be taken into account. 

Adsorption Equilibrium. — Just as the partition of a substance 
between two solvents leads to an equilibrium, so also does adsorption — 
equilibrium generally being reached quickly and exactly. Freundlich ^ 
found the empirical relation : 

. . . . ( 1 ) 

where y is the mass of adsorbed substance, m that of the adsorbent, c 
the concentration of the unadsorbed portion in solution, and /? and p 
are constants. For example, W. Biltz showed that the adsorption of 
arsenious acid by freshly precipitated iron hydroxide could be expressed 
by the relation : 

\ =0-631 

(y = mass of adsorbed acid, x that remaining in solution). This table 


X found. 

X calc. 

y. 

0‘010 

0-010 

0-251 

0-107 

0-123 

0-415 

0-495 

0-408 

0-549 

0-952 

0-881 

0-615 

1-898 

l-82(> 

0-712 

3-875 

3-740 

0-824 


brings out clearly a characteristic of all adsorption j)bonomena : the 
percentage adsorbed of the total amount of sul)staiice is greater, the 
more dilute the original solution. A well-known example of this is 
the adsorption of gases by charcoal at very low temperatures ; if the 
original pressure of the gas is extremely small, a practically absolute 
vacuum can be obtained (Dewar). At the same time, the above 
relation shows that the adsorbent is not simply a solvent for the 
adsorbed material. For if this were true, arsenious acid would have 
a molecular weight in iron hydroxide, one-fifth of that which it has in 
water (partition law). In water, however, its molecular weight is 
practically normal ; the assumption of so large a dissociation in iron 
hydroxide is therefore untenable. No theoretical interpretation has 
yet been given to the above relation. Freundlich (l.c.) has in fact 
shown that it is derived from a diflferential equation, which is equally 
incomprehensible from a theoretical point of view. In conjunction 
with Kroeker ^ he has replaced this by another : 

1 Zeitschr. phys. Qhem. 67. 385 (1907). 

2 Ber. Deutsch. Ghent. Oes. 37. 3138 (1904). ^ JJmertatum. Berlin, 1892. 
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fy=x 

dm V 




(V = volume of solution) ; this means that if a small resh amount dm 
of adsorbent is added to a solution in adsorption-oquilibnum, then the 
increase of adsorbed substance dy is proportional to its concentration 

in the solution (*). From the above differential equation we obtain 
by integration 

... ( 2 ) 


. In “ = A 


This relation, at first confined to the case when a and v are constant, 
can bo extended by substituting for A the following empirical function 
of a and V (Froundlich) ; 

*-(:)■" p) 

where a and ^ are characteristic constants for every substance, and 
n 

iridopcndent of the temperature. Integration, taking (3) into account, 
gives : 

... (4) 

m X \ V / 


and it is not difficult to show by evolution in series that this equation 
is identical with (1) up to terms of high order. It agrees with 
observations as well as (1), and has the advantage that it is derived 
from a differential equation capable of a theoretical explanation on 
the grounds of the law of mass-action. . 

According to G. C. Schmidt^ the adsorbed mass y for greater 
ranges of m and x is represented better by the following equation 
than by (4) : 

A(S-y) 

-.S = Ke « .y. . . . (5) 

V 


This equation was confinned very well by some experiments by 
Schmidt on the adsorption of acetic acid by specially purified caibon, 
the concentration of the solution varying in the ratio 1 to 3000, and 
the mass of carbon varying from I to 8. The relation can also be 
partially explained on theoretical grounds, if we assume that if the 
adsorbent is in complete contact with the adsorbed substance it 
becomes saturated. A series of experiments by Titoff^ on the 
adsorption of gaseous COg by carbon, and by Miss Homfray ® on the 

^ Zeitschr. phya. Cliem. 74. 689 ( 1910 ) ; 77. 641 ( 1911 ) ; 78. 667 , ( 1912 ). 

‘•i Ibid. 74. 641 ( 1910 ). 3 jua. 74. 129 ( 1910 ). 
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adsorption of carbon monoxide and ethylene by carbon, can also be 
represented with more or less accuracy by equation (5). 

The Freezing of Solutions and Crystallisation from 
Solutions. — The separation of solid substances from solutions, in 
many respects, may be compared with the process of the evaporation 
of a mixture, the separation of one of its components in the gaseous 
form. When this process results in the precipitation of that ingredient 
of the solution which is present in excess, i.e, the solvent, it is called a 
freezing of tlie solution ; and when it results in the separation of the 
substance dissolved, then it is called a crystallising out of the substance 
dissolved. The processes of freezing and of crystiillising out are 
both to be considered from the same point of view ; and if wo are 
not dealing with dilute solutions, where one ingredient is present in 
large excess, but with a mixture, where both ingredients are present 
in about the same proportions, then we are in actual doubt whether 
the separation should be regarded as a freezing or a crystallising out. 

Now it is probable that neither ingredient is ever separated in an 
absolutely pure form, but that there crystallises out an isomoi'jdious 
mixture containing both ingredients, just as every solution emits a vapour 
which is a mixture containing both ingredients. 

But experiment shows that usually one ingredient preponderates 
so much in the product which is crystallised out, that we may practi- 
cally regard it as a separation in a pure form. Then, accordiiig to this 
conception, the two cases which are distinguished above are to be 
regarded as only two limiting cases of the many which occur in nature ; 
and in fact examples are known, though they are not very numerous, 
where the solvent and the dissolved substance crystallise out from the 
solution in an isomorphous mixture (pp. 165 and 177). 

The Freezing-Point of Dilute Solutions. — There is no difficulty 
in solving the case where the pure solvent freezes out from a dilute solution. 
For the condition of equilibrium between the solidified solvent and the 
solution is completely made known by means of the laws which have 
been already described (p. 147). These laws may be formulated as 
follows : — 

1. The addition of a foreign substance lowers the freezing-point in 
all cases. 

2. The depression of the freezing-point of the solvent, occasioned 
by the addition of a foreign substance, is, in most cases, proportional 
to its concentration (Blagden); in all cases, namely, where the dis- 
solved substance exists in the solution in its unit molecules, i.e. when 
there is neither dissociation nor polymerisation (van ’t Hoff). 

3. The depression t of the freezing-point, caused by the addition 
of a foreign substance whose mol. wt. is M, is 
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where m denotes the number of grams of the foreign substance in 100 
g. of the solvent ; E denotes the molecular depression of the freezing-point, 
i.e, the depression which would be caused by the addition of 1 g.-mol. 
of the foreign substance to 100 g. of the solvent ; it varies with the 
particular solvent used (Eaoult). 

The molecular depression of the freezing-pomt may be theoretically 
calculated from the melting-point T, on the absolute scale, and from the 
heat of fusion r, expressed in g.-cal per g. of substance, from the formula 
(van 't Hoff), 

^ 0-02T2 

iii = — — . 


These laws make it possible to ascertain by calculation, from the 
known concentration of the solution, that temperature at which (under 
atmospheric pressure) the solution and the solidified solvent may exist 
together in stable equilibrium. 

The influence of pressure on the freezing-point of a solution has not 
as yet been experimentally studied; but it may be anticipated that 
the lowering of the freezing-point experienced by the solvent on the 
addition of a foreign substance is practically independent of the external 
pressure. The laws formulated above strictly hold good only for dilute 
solutions, and in concentrated solutions {e,g, 10 to 20 per cent) they 
merely serve as approximations. 


The Crystallising out of Dissolved Substances.— Reference 
has already been made (p. 509) to the condition of equilibrium which 
prevails when the dissolved substance is separated in a pure form. 
Here we will merely show the connection of the preceding section 
with the new point of view to which we have attained. Thus, e.g. we 
may conceive of the condition of equilibrium between a solid salt and 
its saturated water solution in this way; that the freezing-point of 
the solid salt is depressed by the presence of the water to the tempera- 
ture of the saturated solution. Thus, while on the one hand we may 
justly parallelise the process of solution with that of evaporation, there 
is also, on the other hand, an undeniable analogy with the melting of 
a solidified solvent in presence of its solution. 


The so-called “ Oryohydrates.” — If we cool sufficiently a water 
solution in contact with a solid salt, we finally arrive at the freezing- 
point of the saturated solution, where, with the separation of ice, 
there is also associated a separation of the salt existing in the solution. 
At this temperature there is precipitated a mechanical (not an isomor- 
phous) mass (the eutectic mixture, p. 122), containing ice and the 
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solid substance, in those proportions which correspond to the particular 
concentration of the saturated solution. Such a solution does not 
change its composition by fractional freezing, and it must, therefore, 
have a constant freezing-point, Le. one which is independent of the 
quantity frozen out.^ 

The Equilibrium between Liquid and Solid Solutions. — 

The most general case, where an isomorphous mixture of the solvent 
and of the dissolved substance crystallises oiit of the solution, gives us 
a system in which a solid and a liquid solution are in equilibrium 
with each other. 

We may distinguish the following cases of equilibrium correspond- 
ing to the degree of miscibility of the solid substances : — 

1. The two salts ^ may form isomorphous mixtures in all propor- 
tions : then in crystallising out a common solution of both salts, mixed 
crystals of every composition could be formed. 

2. The series of mixtures of the two solid salts is not continuous. 
Then the two inner members must be in equilibrium with each other, 
in a way similar to the equilibrium between two mutually saturated 
liquids (p. 530); and, therefore, for exactly the same reason that the 
two mutually saturated liquids are in equilibrium with vapour having 
the same composition, these two inner members must be in equilibrium 
with the same saturated solution. 

In fact, Eoozeboom^ succeeded in verifying this experimentally by 
mixed solutions of potassium and thallium chlorates. If solutions of 
thallium chlorate which contain increasing quantities of potassium 
chlorate are allowed to crystallise, at first there appear mixed crystals 
containing the thallium chlorate in excess. The greater the quantity 
of the potassium salt added, the larger is the proportion of this 
substance contained in the mixed crystals. But when the proportion 
of the potassium salt in the mixed crystals has reached 36*3 per cent, 
then there appear also mixed crystals which contain 98*0 per cent of 
the potassium salt, Le. the same solution is at the same time in 
equilibrium with these two inner members of the series of mixtures. 
If the proportion of the potassium salt in the solution is carried 
further, then there separate only mixed crystals which contain more 
than 98 per cent of the potassium salt. 

The phenomena observed on evaporating the solution of these 
two salts are thus completely analogous to those observed on the 
condensation of a mixture, e.g, of ether and water vapour. 

3. If a double salt is found in the gap of the series of mixtures, 
then, from solutions of the one salt, by successive and increasing 

^ Amongst the more recent work see especially the investigation of Roloff, Zeitschr^ 
phys. Chem. 17. 325 (1895). 

^ Of course, what is said above respecting salts may be applied without further 
remark to other substances. 

^ Zeitschr. phys. Chem. 8. 604 and 630 (1891 ). 
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additions of the other, there separate — -firstlyy the mixed crystals on 
one side [of the gap] of the series of mixtures ; then, secondly^ when a 
definite concentration is reached, at the same time there appear both 
the inner end member of the first mixed series and also the double 
salt ; then, thirdly, within a certain concentration interval, the double 
salt alone appears ; then, fourthly, at a definite point, the double salt, 
and at the same time the inner end member of the second series of 
mixtures; and finally [with increasing addition of the second salt], 
the successive mixed crystals of the second series alone. An example 
of this kind is found in Eooijeboom^s ^ investigation of the crystallisa- 
tion of solutions of ferric and ammonium chlorides. 

There is thus often a complicated series of stable solutions, and it 
is necessary in referring to a satumtcd solution to state the solid 
aubstfinces present. 

All that we know at present about the case where a dilute solid 
solution takes part in the equilibrium, shows that the same laws hold 
good which we have learned in the foregoing sections regarding the 
equilibrium between phases of variable composition, which are com- 
posed of gases or of dilute liquid solutions. Especially the laws 
regarding the distribution of a substance between two solvents hold 
good also for this casc.^ 

An interesting application of these laws appears to be possible 
in the theory of dyeing processes. According to 0. N. Witt,^ the 
absorption of the colour by the fibre consists in a solution of the dye-stuff 
in the fibre, i.e. in the formation of a solid solution. 

Of the many reasons which Witt has adduced for the plausibility 
of this view, it should be mentioned that the coloured fibre does not 
show the colour of the solid dye-stuff, but of the dissolved dye-stuff ; 
thus, e.g., fibres coloured with fuchsine are not coloured a metallic- 
green, but red. Rhodamine does not fluoresce in the solid state, but 
in solution ; but silk, coloured with rhodamine, shows a clear fluores- 
cence, which argues for the view that the colouring matter exists in 
the dissolved state. In the sense of these Tiews, the colouring 
process is completely comparable to the shaking out of a subst^ince 
from a water solution by any other solvent, as by ether, carbon 
disulphide, etc. 

Further, the fact that the same dye-stuff may introduce itself into 
different fibres, producing different colours, is completely analogous to 
such cases, as where iodine, e.g., is dissolved in different solvents, 
producing different colours. The nature of the so-called “adjective 
colours’^ was explained by Witt, by assuming that the associated 
1 Zeitsrhr. phys. Cfhem. 10, 146 (1892). 

See further the literature lueiitioiied on p. 291 and the observations of Muthniann 
and Kuntze, Zeitschr.f. KristdUographie, 23. 368 (1896). 

Fdrberzeitung^ 1, (1890-91). Ref. in Zeitschr. phys. Chem. 7. 93 (1891), also in 
the Jalirburk der Cheni. 1. p. 18 (1891), and more thoroughly in the 0he7)i. Zcntralhl. 
2. 1039 (1891). 
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mordant is first dissolved by the fibre, and then, in its turn, dissolves 
the dye-stuff, as a result of a chemical action, as it diffuses into the 
fibre; and thus there results an increase of the solubility of the 
dye-stuff in the fibre. 

Probably when the yarn hikes up colouring matter adsorption phenomena 
occur and perhaps even chemical processes, so that it is not a simple case of 
the partition of a substance between two solvents ; this is evidenced by the 
abnormal values obtained in attempts to ascertain the molecular weight, of 
the substances absorbed by the yarn by means of the partition laws.^ 

Further Freundlich and Bosco {ZeAtschr. p/ii/s. Chem. 59 . 284 [1907]) 
have recently shown that Freuiidlich’s law of adsorption (p. 536) holds good 
for the taking up of the dye by the fibre. Consult C. Schwalbe, Neuere 
Fiirbungstheorien (Stuttgart 1907) for details of the thorough investigations 
by V. Georgievics and for other literature. 

Similarly it has not yet been possible to give a satisfactory theoretical 
explanation of the carrying down of dissolved salts by precipitation of oxides, 
sulphides, and the like — so important in analytical chemistry. This 
phenomenon occurs exclusively with colloidal (amorphous) ])recipitates. The 
observations of van Bemmelen,^ Linder and Picton,^ and Whitney and Obei '* 
show that there must be some chemical combination of the salt with the 
colloidal precipitate. 


The Most General Case. — Finally, the following very general 
case will be considered. 

Let there be a reaction between a number of vaporised substances, 
which are at the same time dissolved in any selected solvent, and let 
the reaction proceed according to the scheme 

njAi + UgAg + . . . = n/A/ + n.^'Ag' + . . . 

That is, let n^ mols of a substance A^, and iig mols of a substance 
Ag . . ., etc., unite to form n/ mols of a substance A/, and n./ mols 
of a substance Ag' . . etc. Let equilibrium be established when 
the partial pressures of the particular molecular species are respectively 
Pi> P2 • • ■> P/’ P2" • • when their concentrations in the 

solution amount respectively to c^, Cg . . ., c/, c/ . . . 

Then the application of the Guldberg-Waage law of chemical 
mass-action gives the two equations — 


Pi"T2"^ • • • 

Pi'"^'P2 • • 


= K' 


( 1 ) 


= K 


( 2 ) 


^ See Zacliarias, ZeAtschr, phi/s. Ohem. 39 . 468 (1902), ami Kaiifler, ihiil. 43 . 686 
(1903). Zeitschr. anorg. Chem. 23 . 321 (1900). 


Chem, /80c. Jcnirn. 07 . 63 (1895). 


Zeitschr. phys, Chem. 39 . 630 (1902). 
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Here K and K', the reaction coefficients, depend only upon the 
temperature. 

The law of distribution gives us several equations, viz. 

Cl = Piki, 0*2 = P2l^2 • • •> ^1 ~ Pi ~ p2 ^2 * (^) 

Here kg . . k/, kg' . . . denote respectively the solubility co- 

efficients of the particular molecular species ; and these again depend 
only upon the temperature. 

From equations (1) to (3) we obtain 


K' = K 


ki'^i'kg'”*-^' . ._. 

ki^ikg"^ r. 7 


( 4 ) 


In most cases the solubility coefficients of a molecular species for 
any solvent may be directly determined, and this information allows 
one to say beforehand how a number of substances will react on each 
other in any solvent, provided that their reaction capacity in the 
gaseous state is known, and conversely. Of course a similar relation 
holds good for the partition coefficients. When solid substances take 
part in the equilibrium, their active mass is constant,^ and the same 
is true of reacting moleculesj. which at the same time play the rdle of 
solvents (p. 505). Therefore, we may state the following general 
theorem : — 

If we know the coefficients of equilibrium of a reaction taking qylace at a 
definite temperature^ in any selected phase ; and if we know the partition 
coefficients of all the molecular species with reference to another phase ; then 
the condition of equilibrium is also known in the second phase at the same 
temperature. 

This theorem should have great practical significance, because it 
enables us to anticipate, from the partition coefficients, the reaction 
capacity in the most various solvents or in the gaseous state, after we 
have studied it in one particular phase ; and thus the problem of 
“dissociating force"' (p. 504), or even of the influence of the medium 
is referred to the simpler one of the study of the partition coefilcientSy 
and of the relation of these to the nature of the substance in question, 
and to the particular phase under consideration. 


Applications. — The vapour above a mixture of acetic acid, alcohol, 
water, and ester in equilibrium must also bo in ecpiilibrium ; hence the 
relation 

Ester X water 
Alcohol X acid ‘ 

must hold for the vapour also i but the constant in the gaseous phase will 
in general have a different value to that for the liquid. The experimental 
verification of this law would be not without interest. 


^ Provided that these form no mixed crystals, double salts, or the like. 



CH. ni CHEMICAL STATICS — HETEROGENEOUS SYSTEMS 543 

Kuriloffi made a very tliorough investigation of the above general 
theorem, the results of which we will calculate in a somewhat different 
manner to the author. The investigator mentioned determined the 
equilibrium of solid ^-naphthol-picrate in contact first with water and 
then with benzene, and also the ratio of partition of the reacting molecules, 
so that all the data necessary for testing the theory are available. 

The equilibrium in water was determined by solubility measurements 
in the same way as in the example of anthracene picrate given on j). 523. 
The solution contained 6*09 free JS-naphthol and 8*80 fiee picric acid, besides 
1*20 of picrate when the latter substance was present in the solid stale. 
The numbers are in thousandths of a mol per litre. The picric acid under these 
circumstances is electrolytically dissociated to the extent of 94*6% ; hence 
the product of the free naphthol and the free undissociated picric acid is 

/Aj/Xg = 6*09 . 8*80(1 - 0-946) = 2*89. 

Further, the coefficients of partition of the two latter si)ecies of molecule 
between benzene and water are 67 for naphthol and 39 for the undissociated 
molecules of picric acid. Hence in benzene the value must be 

“ 7550, 

and when both species of molecules are present in equivalent quantities 
their concentrations must be 

Now the solubility of the picrate in benzene is 104*5 ; hence the 
saturated solution of this substance must be dissociated to the extent, 


whilst measurement of the equilibrium by means of solubility, with excess 
of one or the other component, gives 0*64 to 0*85 for the degree of dissocia- 
tion of the saturated solution. 

Thus from the dissociation of the aqueous solution saturated with 
picrate, and from the ratio of partition of the components, we can calculate 
how much dissotuated substance is contained in a saturated solution of 
picrate in benzene. 


1 Zeitschr, phys. Ohe^n. 26, 419 (1898). 
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CHEMICAL EQUILIBRIUM IN SALT SOLUTIONS 

The Reaction Capacity of Ions. — In the preceding chapter we 
have become familiar with the general theory of chemical equilibrium 
in any selected system, and of the dependence of this equilibrium 
upon the relative quantities of the reacting components. But we 
have not as yet considered reactions in which free ions take party i.e. 
reactions between mpieous solutions of electrolytes^ or in short, of salt 
solutions, A special chapter is devoted to the consideration of salt 
solutions, partly fo7' the purpose of a general vieWy and partly to show that 
when the law of rmss-aetion is applied to the study of salt solutionSy then the 
hypothesis of electrolytic dissociation becomes an imperative necessity , at least y 
according to the present state of our knowledge. 

From the standpoint of the hypothesis of electrolytic dissociation 
the whole question is at once simplified by the simple conclusion, 
that the free ions must participate in reactions in proportion to their concen- 
tration (their active mass), just like every other molecular species (p. 427). 
Without the introduction of any new hypothesis, we are now in a 
position to treat the chemical equilibrium between substances which 
conduct electrolytically, in just the same simple manner which was 
emjfioyed in considering the reactions between those molecular species 
which are electrically neutral. 

And thus nothing that is especially new in principle is contained 
in the following paragraphs, but many new and surprising applications 
of the law of Guldberg and Waage will be given. 

The great honour of giving this point of view its proper value 
belongs to Arrhenius. 

Electrolytic Dissociation. — When a molecular species A, which 
is electrically neutral, decomposes into ions, thus 

A = njAi + n^Aj + . . . , 
the law of mass-action requires that 

Kc = Cj">C2"a . . . , 

644 
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where c denotes the concentration of the undissociated part, and 
Cp Cg . . . etc., the respective concentrations of Uie products (ions) 
resulting from dissociation, and K, as usual, denotes the constant of 
dissociation. Of course, the ions are always produced in quantities 
which are electrically equivalent. For a binary electrolyte, we have 


then since 


Kc-Cj^; 


c ^ 


and c^ ~ 


a 

V’ 


when a denotes the degree of dissociation, and V the volume contain- 
ing 1 mol of the electrolyte ; we obtain 

KV(l - a) = 

from which it follows that 


a — 




Two methods (p. 390) are already known to us for the determina- 
tion of a; measurement of the osmotk p'essure freezing-point, etc.), 
and measurement of the eleckical conductivity ; the latter is much more 
exact, and depends on the formula 



The above formula, first applied to electrolytic dissociation, and 
experimentally proved by Ostwald,^ has been completely confirmed by 
experiments on a large number of organic acids. The following table, 
given by van T Hoff and Reicher,- may serve as an illustration : 


The Moleculau Conductivities of Acetic Acid at 14*1'. 


V. 

A. 

100 a Obs. 

100 a Calc. 


0-994 

1-27 

0-402 

0-42 


2-02 

1-94 

0*614 

0-60 


15-9 

5-26 

1-66 

1-67 


18*1 

5-63 

1-78 

1-78 


1600 

46-6 

14*7 

15-0 

log K = 5-‘26-10 

3010 

64*8 

20-5 

20-2 1 

7480 

95*1 

30-1 

30-5 


15000 

129 

40-8 

40-1 1 


[co 

316 

100 

100] 



^ Zeitschr. phys, Chem. 2. 36 and 270 (1888) ; see also Planck, Wied. Ann. 34. 139 
(1888). ^ Zeitschr, phys. Chem. 2. 779 (1888). 

2 N 
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The coincidence between the degree of dissociation — as determined 
by the conductivities, and as calculated according to the theoretical 
formula, where K = 0*0000178 — is very remarkable. 

As the same form of the isotherm of dissociation holds good for 
the onlinary binary, and for electrolytic, dissociation, the laws 
developed (p. 500) for the former also apply to the latter. 

In pa^rtimlar when the dissociation is but slight, the concentration of the 
ions (and therefm'e the conductivity also), of a binary electrolyte, is jrro- 
imtiojuil to the sqmre root of the total concentratiim. 

The formula does not hold for highly dissociated acids and salts. 
This is perhaps i)artly due to the fact that the determination of 



is very uncertain, on account of the smallness of the difference between 

and A ; but also, most probably, for reasons unknown at present, 
neither the electrical conductivity nor the osmotic pressure^ is a 
perfectly exact measure of the degree of dissociation. An explanation 
of this point would be exceedingly importiint, but it has not been 
forthcoming as yet. 

The practical use of the law of mass-action is scarcely affected by 
those comparatively slight exceptions. 

Electrolytic Dissociation and Chemical Nature. — The 

question now arises, — How does the degree of the electrolytic dissocia- 
tion depend upon the nature of the respective electrolyte ? — a question 
which is all the more important because the reaction-capacity depends, 
in a very pronounced way, upon the degree of dissociation. In what 
follows, some of the most important rules thus far recognised will be 
collected ; a knowledge of those rules will elucidate remarkably the 
general view of chemical equilibrium in salt solutions. 

1. The salts of the alkalies, of ammonium, of thalliwn, awl of silver, 
with monobasic acids, in dilute solutions and at equivalent concentrations, are 
dissociated to the same degi'ee ; and, moreover, are highly dissociated, as is 
shown by the figures for potassium chloride, given on p. 391. 

2. On the other hand, the greatest differences are found among 
the monobasic adds and the nmiacid bases. Thus, som'fe substances, like 
acetic acid, ammonhi, etc., in tenth-normal solutions, arc dissociated 
only to a small percentage; while other substances, such as hydro- 
chloric acid, potassium hydroxide, etc., are as highly dissociated as the 
salts enumerated above. 

3. Certain electrolytes, such as zinc sulphate, cupric sulphate, etc., 
which on dissociation yield only two imis, but each with doubled electrical 
charges, are comparatively much less dissociated; zinc sulphate and 

^ See the paper by Fliigel, quoted on p. 281. 
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copper sulphate, in a concentration of 1 mol per litre, are dissociated 
only about 25 per cent. 

4. The behaviour of those electrolytes which dissociate Mo more than 
two ioiiSf is much more complicated. According to what is known at 
present, in general, a dissociation in stages seems to take place. Thus 
sulphuric acid does not decompose all at once into the SO^ group 
with a double electro negative charge, and two hydrogen ions, each 
with a single electro-positive charge ; but the decomposition rather 
takes place according to the two following equations — 

I. - HSO4 + H. 

II. HSO,-SO^ + H. 

The dissociation of such substances as BaCl^, similar. 

In general this law holds good : Mts which have an analogous 
composition are dissociated electrolytically in eqaivalent solutions to the same 
degree. But this rule is by no means without exceptions ; thus the 
chlorides of calcium, strontium, barium, magnesium, and copper are 
dissociated nearly to the same extent ; but the chlorides of cadmium 
and of mercury, though of analogous constitution, arc ionised much 
less strongly. 

It may be assumed with considerable proba]>iUty that a dissociation 

_l_ _ -j-- — 

such as PbCl | Cl, K | KSO4 etc. follows the rule of binary neutral salts, 
such as potassium bromide. Von Ende^ has recently demonstrated this 
experimentally in the case of lead chloride. 

5. Mjiny poly basic acids, within a wide concentration interval, act 
like monobasic acids, ie. the equation of the isotherm of dissociation, 
which was developed on p. 545, for binary electrolytes, is also applic- 
able to them. It is only at extreme dilution that these polybasic 
acids begin to separate the second, the third, etc., hydrogen ions. 

The fact that extensive dilution is always required in order to 
separate the last hydrogen ions, would indicate that it is increasingly 
difficult for the acid residue to assume the last quanta of negative 
electricity. 

6. Electrolytic dissociation, as compared with ordinary dissocia- 
tion, changes but slightly with the temperature ; further, with rising 
temperature, it sometimes slowly diminishes, sometimes increases, — in 
contrast to ordinary dissociation, which always rapidly increases with 
the temperature. 

These rules, as shown by Ostwald,^ may bo well applied to the 
determination of the basicity of acids. Since the state of dissociation, 
e.g. of a sodium salt, varies in a characteristic way with the basicity of 

' DUsertation^ Gottingen, 1900. 

Zeitschr. phys. Chew, 1 , 74 (1887) ; 2. 901 (1888). 
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the respective acid, therefore the simple study of the dependence of 
the conductivity upon the concentration may settle this point. Of 
course the same question may be decided by measurements of the 
depression of the freezing-point. 


The Strength of Affinity of Organic Acids. — It is to the 

extended researches of Ostwald ^ that we are chiefly indebted for our 
knowledge of the relations prevailing here ; he, in common with his 
students, has given especial attention to the problem, how the capacity 
of oryanic acidfi to dmociate ekctrolytically depends upon the structure of the 
partiadar radical. Unfortunately not enough space is available to 
consider in <letail the many interesting results of research in this 
region ; it will be merely mentioned that the dissociation constants, or 
as they will also be called, for reasons to be given below, the a.ffi>nity 
strengths (which, as shown on p. 545, can be ascertained with the 
greatest exactness), mry in a most p'onommd way with the constitution of 
the acid radical. This relation to the constitution has not as yet been 
explained sufficiently to allow the value of the dissociation constant 
to be numerically derived from the constitution ; our knowledge thus 
far is limited to the recognition of the regularity of the influence 
exerted by the substitution of certain radicals. 

According to this radicals may be divided into negative and positive, 
according as they favour the assumption of a negative anionic charge 
(acids) and therefore hinder that of a positive cationic charge, or 
vice versa. 

The following substances act negatively, aromatic radicals {e.g. 
C^jHr,), hydroxyl, sulphur, halogens, carboxyl, and cyanogen ; positively ; 
fatty radicals {e.g. CH.^) addition of hydrogen, and especially the 
amido group. 

This appears from the affinity constants of the following series of 
acids : loy k 


Acetic acid CII,COOH . 
a-Toluic acid CH.^(C 8 H 5 )GOOH 
Glycollic acid CH 2 (OH)GOOn . 
Thiacetic acid CH.,GOSII 
Ghloracctic acid GlIgGlGOOH . 
Tri-chlor*acetic acid GGI 3 GOOH 
Maloiiic acid GH 2 (GOOH)GOOH 
Gyanacetic acid CHgCCl^lGOOH 
Propionic acid GHo(GH 3 )GOOH 
Glycocol GH 2 (NH 2 )C 06 H 

and of hoses : 

Ammonia NH 4 OH 
Methylamine NH3(GH.0OH 
Benzylamiiie NH 3 (GH 2 G 6 H 5 )OH 
Aniline NHg(CgH 5 )OH . 


0*00180 
0*00556 
0*0152 
0*0169 
0*155 
121 
0*1.58 
0*370 
0*00134 
very small 


0*0023 

0*050 

0*0024 

0*000000011 


^ Journ. pr. Ghem. 31. 433 (1885) ; ZeiUchr. phy.'i. Chevi, 3. 170 (1889) ; Walkei 
ibid. 4. 319 (1889) ; Bethiiiauii, Wid. 6. 385 ; Bader, ibid. 0. 289 (1890) ; Walden 
ibid. 8. 435 (1891) ; Bredig, ibid. 13, 289 (1894). 
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The spacial position of the substituent in the molecule is of consider- 
able influence on its action ; the nearer the substituent is to the point 
at which the ionic charge is taken up the more effective it is ; thus we 
have 1 00 K in 

o-nitrobenzoic acid 0*61 6>m-nitrobenzoic acid 0*0345 

Trichloracetic acid CCI3 . COOH _ 121 Trichlorlactic acid 

Acetic acid OHg . COOH 0*00180 ^ Lactic acid 

CCI3 . CHOH . COOH _ 0*465 
CH3 . CHOH . COOH " 0 0138 

Benzylamine C,.H,CH2NH30H 0*0024 >Toluidinc CH3CeH,NH30H 
circa 10 

Oxalic acid COOH-COOH 10 >Malonic acid CO.^H . CH, . COgH 0*158 
>Succinic acid COgH . CHg. CH, . CO2H 0*00665 

We have already met on p. 370 with similar relations in consider- 
ing the influence of substituting radicals on the absorption of light in 
the chromophore. It is obvious that the affinity constants are of 
considerable importance for stereochemistry ; they have indeed been 
repeatedly used with success in that connection. 

The behaviour of the dicarhoxylic acids is especially interesting : the 
distance between the two carboxyls is the determining factor between the 
isomeric maleic and fumaric acids, as, in the previous case of oxalic, malouic, 
and succinic acids ; these constants are for 

Maleic acid jj ^ COOH COOH C h ’ 

on the other hand the dissociation of the hydrogen ion of the second carboxyl 
group occurs much sooner in fumaric acid than in maleic, which dissociates 
simply as a monobasic acid up to more than 80 The explanation of this 
given by Ostwald ^ lies in the electrostatic repulsion between a negative charge 
and another of the same sign, so that the charge due to dissociation of tlie 
first hydrogen ion hinders that of the second more effectively the nearer the 
two carboxyls stand, since on dissociation they acquire similar charges. 

The principle which is at the foundation of the investigations 
briefly described above, and to which reference has already been made 
(p. 314), consists in the study of the mutual influence on the reaction 
capacity of different elements m' radiails in the molecules. The measurement 
of the electrolytic dissociation constant of an acid, as will be shown 
clearly below, consists merely in the determination of the reaction- 
capacity possessed by the “ acid hydrogen ” in water solution. 

Instead of studying the reaction capacity of “acid hydrogen” we 

^ Zeitschr. phys. Chem. 0 , 553 (1892). 
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could study the reaction-capacity of another element or radical in the 
molecule : Imt hen> the p'uhlem is to find out a method to determine the 
reaction-capaciti/ with satisfactm'y sharpness^ and under conditions which are 
suitably comparable. Comparable conditions may be obtained most 
easily by determining the reaction-capacity in the same solvent. The 
quantitative determination of the reaction-capacity of the radical in 
(piestion, may }>e accomplished by the measurement of a suitable 
chemical equilibrium. Thus it would be very interesting to study 
fully the capacity of the nitrogen bases to add on hydrochloric acid 
or any other acid ; this could be done very easily by means of a 
method like that of Jellet (p. 497), since one could allow an optically 
active base to compete for the acid at the same time with the base to 
be investigated. 

It should be remarked, as a matter of history, that Menschutkin 
(p. 494) was the first to attack a problem of affinity in detail ; perhaps 
the results of his extended investigations would have been greater, if 
he had studied the state of equilibrium of the esterification under 
conditions which were more nearly comparable, e.g. in /i suitable 
solvent. 

Finally, there are here appended some of the most important 
affinity constants of the acids investigated by Ostwald. 


Acid. 100 K. 

Malic acid C.^H3(01f)(C0.^H)2 .... 0*0395 

Formic acid HCOOH . . . . . 0*0214 

Benzoic acid . COOH .... 0*0060 

Butyric acid O^Hy . COOH .... 0*00149 

Lactic acid On.,(JH(OH)COOH .... 0*0138 

Salicylic acid OjiI^Oll) . COOH . . . 0*102 

Cinnaniic acid (JH(C«nr,) . CH . CO. 2 H . . 0*00355 


Walkei*^ has measured certain veiy weak acids, making use of 
exceedingly pure water for the conductivity (indirect methods for 
determining the dis.sociation of extremely weak acids will be given 
below) ; acetic acid is taken for comparison : 


K 1010 

Acetic acid C. 2 H 3 O.J - II . . . 180000 

Carbon dioxide HCO3 - 11 . . . 3040 

Sulplmrcttcd hydrogen HS - H . . 570 

Boric acid H.2BO3 - H .... 17 

Hydrocyanic acid CN - 11 ... 13 

Plienol cyL,0 II .... 1*3 


The Mixture of Two Electrolytes containing the same Ion. 

— As tlie simplest case of ccpulibrium between several electrolytes, we 
will first investigate the reaction which occurs on hinging together any 
two electrolytes with a common ion, e.g. two acids having the hydrogen 
ion in common. The progress of the reaction can be followed with- 
out recourse to calculation. 

^ Zeitschr. pht/s. Chem. 32. 137 (1900), 
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Let a second acid be added to an acid solution keeping the volume 
constant, by adding the second acid in the pure fornoy to a dilute 
water solution of the first acid, so that the concentration of the 
hydrogen ions will be increased ; then the immediate result of this is 
that the undissociated part of the first acid is no longer able to main- 
tain etiuilibrium with the increased product of the active masses of 
the hydrogen ion and of the negative ingredient ; i.e. fhe dissociation of 
the acid is diminished. This phenomenon is similar to that on adding 
free chlorine to phosphorus penta-chloride; the dissociation is diminished 
by the addition of one of the dissociation products (p. 490). 

In order to observe the relations in a (|uantitative way we need 
employ only the law of mass-action. Let c denote the concentration 
of the electrically neutral molecules, and Cj that of the two ions, so 
that the total concentration C, will be 

c + c^ = C. 

Then we shall have 

cK-c/^. 

Now let a second electrolyte be added, which has one ion the same 
as one ion of the first electrolyte ; and let the concentration of the 
ion so added be Cq. Then the new equilibrium will be satisfied by 
the condition, 

c K = Cj (Cj + Cq), 

where again, of course, c' must be equal to C. Obviously c' will 
be greater than c ; and conversely c^ will be .smaller than c/ ; i.e, the 
dissociation of the electrolytes retrogrades, on the addition of a second 
ehictrolyte containing an identical ion, and in a ratio capable of c.\act 
calculation. 

This phenomenon may be veiy well shown (pialitatively by a 
solution of paranitrophenol ; the negative ion of this acid is coloured 
an intense yellow, whilst the electrically neutral molecule is colourless. 
If therefore any acid is added to an aqueous solution of this substance 
the yellow coloration directly vanishes, because the slight dissociation 
of this weak acid is reduced to almost nothing by even a small addition 
of hydrogen ions. (See the section on “ The Theory of Indicators.”) 

Arrhenius^ succeeded in proving this law quantitatively in the 
following way. Thus, he added sodium acetate to a solution of 
acetic acid, and then determined the velocity of the inversion of 
cane sugar contained in the solution ^ this velocity of sugar inversion 
(as will be thoroughly demonstrated in the chapter on Chemical 
Kinetics) is a measure of the number of the free hydrogen ions exist- 
ing in the solution. Thus, this velocity amounted to 0*74 in a solution 
containing 4 of ca mol of acetic acid to the litre, and when the equivalent 

1 Zeitschr, phys. Chem. 6. 1 (1890) ; also 2. 284 (1888) ; and Wietl Ann. 30. 51 
(1887). 
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quantity of sodium acetate was added, the value sank to 0*0105, the 
calculated value of the latter being 0*0100. 

If any selected volumes of any two electrolytes having ions in 
common, as two acids, <?.//., are mixed, then, in general, the state of 
dissociation of each of these will change as a result of their mixture ; 
and consequently the electrical conductivity of the mixture will not 
be identical with that corresponding to the wean of the conductivities 
of the unmixed components. 

But if the concentrations of the two acids are so selected that each 
shall contain the same number of free hydrogen ions in a litre, — such 
solutions are calleil isohydric,'* — then there is no change, of their Me of 
dmociniion resulting from their mixture. For let c and c^ be the con- 
<Mintrations of the electrically neutral molecules and of the ions, and k 
tin; dissociation constant for one solution ; then we have the relation 

kc-cf . . . . (1) 

and similarly for the second solution 

KC = (2) 

If the volume v of the first solution be mixed with the volume V of 
the second, the concefitration of the electrically neutral molecules and 
of the not common ions 

c, Cj C, 

will become 

cv c,v (S* C,V 
V v’ V -1- V* V + v’ V v’ 

will 1st tlio concentration of the ion common to the two solutions 

roaches the value ‘ Applying the law of mass -action 

V f V 

to determine the eijuilibrium in the common solution wo have 


kc - c, . 

' V + V 

■ • (3) 

KC - C, . ; 

‘ V + V 

. . (4) 


but the equations (1) to (4) are only satisfied if 

Cq = Cp 

that is, in mixing isohydric solutions no displacement of the dissocia- 
tion occurs, hence the cond net i city of the niixtnre must he the mean of the 
cotiduciirities of the tiro solutions, as is shown by experience. 

If wo mix solutions of any two electrolytes which have a common 
ion and the same dissociation constant , — as, e.g., two chlorides of univalent 
basis, — then these solutions contain the common ion in the* same con- 
centrations when the solutions are equivalent. Hence it follows that, 
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in a mixture of such electrolytes, each one is dissociated equally 
strongly, and just as strongly as though it alone formed a solution in 
proportions corresponding to the total concentration. 

The case of a mixture of two acids in solution can easily be treated bv 
the above method, especially the question of how the conductivity of a 
mixture of two acids changes with increasing dilution. See for particulars 
A. Wakemann.^ It is especially interesting to note that the dissociation 
constant, ciihailated from the conductivity according to p. 545, is by no 
means constant for a mixture of two acids, but varies considerably with the 
dilution, so that, as has been shown by Oslwald, it can serve as a criterion 
of the purity of the acid under consideration. 


The Equilibrium between any Selected Electrolytes.*— The 

state of equilibrium is much more complicated in the case of a solu- 
tion containing two binary electrolytes having no mninon ion. Then 
there are eight different molecular species in the solution, the four 
free ions and the four electrically neutral molecules produced by the 
combination of the former. By a displaccmient of the point of 
equilibrium, four reactions may take place simultaneously ; namely, 
the dissociation of the electrically neutral molecules into the respect- 
ive ions, to each of which reactions there always corresponds an 
equilibrium condition of the form 

ICc “ ^1^2* 

where K denotes the corresponding dissociation constant, c the con- 
centration of the molecular species that is electrically neutral, and cq 
and respectively the concentrations of the two ions. 

It is easy to see that ecjuilibrium can be with certainty determined 
if we know the dissociation constants and the total concentration 
(which is given by analysis). The determination is, however, attended 
by no inconsiderable ditliculties of calculation. Simplifications can be 
made, however, especially if we regard all binary salts of monatomic 
radicals as being dissociated to the same (considerable) extent. 
Arrhenius ^ gives the following laws : 

1. The degree of dissociation of a weak acid, in the presence of 
salts of this acid, is inversely proportional to the quantity of salt 
present. 

2. When a weak acid and several strongly dissociated elcctiolytes 
exist together in the same solution, their respective degrees of disso- 
ciation may be calculated as though the dissociated part of the 
particular electrolyte were a dissociated part of a salt (as a sodium 
salt, e.g.\ of this acid. 

There is hardl}’^ any special proof needed to show that the case, 
Avhere any arbitrary number of electrolytes arc in a solution, can be 

^ Zeitschr. pht/s. (Jhem. 16. 159 (1894). 

- Ibid. 6. 1 (1890). 
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solved by the application of the preceding equation. Before advancing 
any farther, we will now discuss a case which has not been considered 
as yet, namely, the pnriiripation of water in the equilibrium ; i.e. where 
the hydrogen ion and the hydroxyl ion react on each other. 

Neutralisation. — It may be concluded from the fact that water 
conducts worse the more carefully it is purified, and accordingly that 
the traces of conductivity which the most carefully prepared water 
shows are mainly due to traces of salt in solution, that water itself is 
only very diyhtly dissodate.d into imis. 

It follows directly from this that these two kinds of ions (H and 
OH) are capable of existing beside each other in water only in the 
merest traces. Thus if we bring together in a water solution two 
electrolytes, such that on decomposition one affords a hydrogen ion 
and the other a hydroxyl ion, — or, in other words, if we mix an acid 
with a base, — then in all cases the same reaction occurs, viz. 

11 + OH - Il.p, 

and practically in absolute completeness, i.e. until one of the reacting 
components is exhausted. 

Now this reaction, the necessity of which can in this way be 
derived theoretically, is in fact well known and of the greatest import- 
ance ; it is called the 'process of ne.utralisation. 

If the acid and the base are completely dissociated, then this 
reaction will be the only one which takes place ; and from this there 
follows directly a very remarkable conclusion, to which attention was 
first called by Arrhenius : to the same reaction must correspo'nd the same 
evolution of heat. Therefore by mixing any selected strong base with 
any selected strong acid in a sufficiently large quantity of ivater, 
there always results the same development of heat ; this is proved by 
experiment (see the chapter “Thermo-Chemistry,” I. Book IV.). 

If, on the other hand, the acid or the base is not completely dis- 
sociated, then side reactions other than the above reaction take place, 
namely, decomposition into the ions ; and since this is also associated 
with a certain, though often very slight, heat change, a slight 
variation in the heat of neiitrali.sation is observed under these 
circumstances. 

The law of mass action applied to the dissociation of water causes, 
since the active mass of the .solvent must be constant (p. 505), the 
relation that in dilute aqueous solutions the product of the conccn- 

•f 

trations of the hydrogen ions [H] and the hydroxyl ions [OH] must 
be constant ; if the concentration of each of these ions in pure water 
is wo have 

[II] LOH] = c/. 
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Electrolytic Dissociation of Pure Water. — Although it would 
seem to be very difficult to determine this exceedingly small dissocia- 
tion of pure water, the problem has been solved of late years by 
different investigators in very varied methods, and with good 
agreement. 

1. The electromotive force of the acid alkali cell allows the 
concentration of the hydrogen ions in an alkaline solution to be 
calculated by means of the osmotic theory of currents (Book IV. 
Chap. VII.) ; it was found in this way that in a normal solution of a 
strongly (80 dissociated base it amounts at 19 ' to 0*8 . 10“^*. 
It follows for such a solution 

-f- _ 

[H] = 0*8 . 10 “ d*8 ; therefore = 0*8 . 10"" at 19'\ 

At a higher temperature it was found in the same way * that 
c^,= l*19. 10-"at25-26 . 

Ostwald and Arrhenius attempted simiiltaneously to determine in 
this manner ; the present writer showed shortly afterwards that the 
calculation was somewhat different to that given hy these writers, and that 
the valu(i obtained is that given above.** 

2. A second process lies in measuring the Jiydroifftir deronijmitiftn 
of salts, the theory of which is given below on p. 500. Arrhenius 
found in this way 

= 1*1 X 10 at 25 . 

Kanolt ^ has recently found somewhat smaller results by the samtj 
method. He measured the hydrolysis of the ammonium salt of 
dikctotetrahyd roth iazol : 

t = O' 18 25 

c^ = 0*3O 0*08 0*91 X 10 "7 

;i. Both hydrogen and hydroxyl ions cause acceleration of the 
process of saponification of esters dis.solved in water ; Wiis,^ at van ’t 
Hoff’s suggestion, determined the velocity of saponification of methyl 
acetate in pure water, and calculated according to a theory given by 
van ’t Hoff* (see the following Chapter) that 

1*2 . 10-7 at- 25 . 

4. Finally, Kohlrausch and Heydweiller ® succeeded in purifying 
water to such an extent that it .showed its own conductivity, that is, 
was practically free from conductivity due to impurities. 

* rj<»weiilierz, XeHschr. jiht/s. ('hem, 20. 2S3 (ISyC). 

- Ihid, 11 . 521 (189a). 3 11 . 805 (1893). 

^ Lowenherz, Ihid. 14 . 155 (1894;. « lUi<L 11 . 805 (1893). 

* Journ. Amer. i'hem, St,c. 29. M02 (1907). 

" Zeifschr. jfhi/s, Cfinn. 12. 514 (1893). 

» Wied. A7in. 63. 209 (1894). 
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It was known from previous work of Kohlraiisch that water 
conducts the less the more carefully it is purified ; it appears, how- 
ever, that a limiting value can be reached below which the conductivity 
cannot be reduced, that is that water possesses measurable comhiciinti/ 
of Us own arcount. The method of purification is distillation in vacuum. 
A U shaped tube, one leg of which ended in a large reservoir and the 
other in a smaller conductivity cell, was provided with water already 
very thoroughly purified, and boiled for a long time under the mercury 
pum[). On slightly warming the large vessel a fraction of the water 
was distilled over into the resistance cell and its conductivity measured. 

At 18"^ the conductivity of the purest water was found to be 
0*0381. 10"*'^ (that of ordinarily good water is about 2 / 10~^0^ 
the temperature coefficient at 18^ is o*8 %, much larger therefore 
than that of salt solutioius (2 to 2*5 and that of ordinary distilled 
water V). 

33ic degree of electrolytic dissociation of the water may be calcu- 
lated from the conductivity found by Kohlrausch and Heydwciller ; 
according to p, 395 the conductivity is given by the relation : 

K - VoOi + v)= 0*0384 X 10-'', 

where u, the mobility of the hydrogen ion, is 318, and v, that of the 
hydroxyl ion, is 174 ; hence the ionic concentration of the pure 
water in gdons per litre ( ” 1000>;„) is 


c 


0 " 


1000k 
u + V 


0*78 X 


10-7 at 18"; 


at 25 ’ this becomes 1*05 x 10 "7; is. is in saHi^jndory (ujveeioent with 
the mines 'mentioned ahove^ arrired at in entirely different ways. 

Kv(‘ii tin* surprisingly large teini>erature rooMicieiit of pure watei* was 
predicted by Arrhenius and exactly calculated hy him (see P.uuk IV. 
Ohap. lll.).‘ 

Water is clearly capable of a second electrolytic dissociation, 
namely, 

OH - 0 + H, 

that is, water can be treated as a dibasic acid. Since therefore the 
sopanitiou of the second hydrogen ion from a dibasic acid is always 
much harder than that of the first, we may expect that the second 
stage in the electrolytic dissociation of water is extremely slight, or 
that the oxygen ions with a double negative charge in water exist in 
infinitesimal tpiantities. Nothing more is known at present as to this 
second dissociation. 


The most General Case of Homogeneous Equilibrium. 

('onsideration of the preceding ixiragraph now finally allows us to 
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remove the hist limitHtion, that the ions of water are not included 
among the reacting molecular species; in accoi'dance with this we 
will develop the general equilibrium of a solution conUiining any 
given electrolytes. This is made jxMssible by means of the following 
laws : 

1. The total ([iiantity of each radical which is present in the solu- 
tion, partly as a free ion and pirtly combined with other ions, is 
either known from the conditions of the experiment, or else may be 
ascertained by analysis. 

2. For every combination of ions, we have an eijuation, according 
to which the un dissociated part |)er unit of volume is proportional to 
the product of the active masses of the ions contained in the com hi na- 
tion. The proportional factor is the flissoeiufiov consttiui^ >vhich, aeconling 
to p. 548, is known for most molecular species, and can ho deterniine<l, 
if ncecssiiry, for any particular case, hy meiins of the conductivity, by 
the freezing-point, etc. 

3. Hydrogen ions and hydroxyl ions are cajyiihle of existing 
together in only the slightest quantities ; their piUMlnct is (nearly) 
consLant, and its magnitude is extremely small (0*G4 or 1*14 x 10"^^ at 
18" or 25 ). 

By meiuis of the fornmhv given by the direct application of these 
laws, the state of e<iiiilibrium is <lcfinitcly determined. 

are thus euallet/ to state in erenj case uhaf jKirl of rack radical 
e, cists ill the solution as a. free iou^ and irhat part is coiahined v'ith other ioiis^ 
provided ice know the dissociation constants of the comhinations of all of 
the ions. 

This is a result of the greatest importance. It indicates a partial 
.solution of the problem which is to be regarded as the final goal of the 
doctrine of affinity, namely, th-e expresmn of the mutual reaction capacity 
of substances^ hy meiins of certain characteristic mmerkal coefficients. 

»To this class of coctlicients belong the dissociation coefficients of 
electrolytes, a knowledge of wdiich enables us to anticipate the kincl of 
action which tivkes place between them in dilute solution. We shall 
later obtain the result, that by means of the solubilities of solid salts, 
we can also definitely determine the state of equilibrium which is 
established in dilute solution in the presence of solid (difficultly 
soluble) salts. 

In the following paragraphs, some applications will make the 
meaning of the preceding results more intelligible. 

The Distribution of one Base between two Acids. - We can 

now answer, in its most general form, a question which was formerly 
much and fruitlessly discussed, without the aid of the dissociation 
theory. This question refers to the distribution of a base between 
two acids, when the total quantity of the latter is greater than that 
required for neutralisation ; and the distribution of an acid between 



558 


THEORETICAL CHEMISTRY 


BK. Ill 


two bases, when the total quantity of the bases is greater than that 
required for neutralisation. 

The stfite of ec[uilibriiim is definitely determined by the absolute 
quantities of each of the four radicals of the solution (either two acid 
radic/ils, the basic radical, and the hydrogen ion, or else respectively 
the two l)asic radicals, the acid radical, and the hydroxyl ion), together 
with the dissociation constants of the four electrically neutral species 
which may be produced by the combination of these four radicals ; 
and the calculation of this equilibrium offers no ditliculties exce})t 
in the way of pure calculation, which, though usually not inconsiderable, 
are nevertheless not insuperable. 

As an example of such a calculation, we will consider the following 
simple ciisc. 

Let two weak (slightly dissociated) moTiobasic acids, SH and 
S'il, compote for a bjiso, e.<j. NaOH ; and let thei'e he in t/te rolurne V 
I mol of each of the three eleAroh/tes. 

liOt the (piantity of the undissociated part of the jird avid 8H, be 
X ; and therefore the undissociated part of S'H will ])e I - x. Then 
the quantity 1 - x of the first acid 8H, will be concerned with the 
base in two ways, for the negative radical 8 will partly exist as a free 
ion, and will bo electrically neutralised by the equivalent (piantity of 
the positive radical of the base, and will partly unite with the basic 
radical to form the electrically neutral molecule 8Na. Then let the 
first of those fractious amount to (1 - x), and the second to (1 - aj) 
(1 - x) ; hero a,^ denotes the degree of dissociation of the salt 8Na. 

Of the Mcond mid 8'H, the quantity x is concerned with the base ; 
and of this (piantity x, (tgX is in the form of negative ions S'; and 
(I - is employed in the formation of electrically iiouti'al molecules 
having the composition 8'Na ; here (i.^ denotes the degree of dissocia- 
tion of the salt 8'Na. 

Moreover, a fraction of the two acids will bo electrically dis- 
sociated ; lot the quantity of the free Jf-imis he demted by y. But as 
both iicids are weak, the presence of the sodium salt will diminish 
their dissociation considerably. Therefore y will represent an 
infvnitedmal quant'd y, compared with x and 1 - x. 

We have now to apply the equation of the isotherm of dissociation 
to the four following dissociations : 

I. NaS-L + S. IIL HS-H + S. 

11. Na8' = Na + S'. IV. HS' = H + 8'. 

In the case of the first two, — according to the law that binary salts 
composed of univalent ions are decomposed to the same extent, — 
wo make the dissociation constant equal to K ; and thus we obtain 
respectively. 
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I. K(1 - X) (1 - a,) = + X« 2 ) (1 X)u,^ 

II. Kx(l - .g = *«a )*«2 

Here (1 - x), (I - «^) and x(l - a.^) are respectively the quantities 
of the undissociated molecules NaS and NaS'; (I - x)a^ and xa., are 

-f- - 

respectively the quantities of the S and of the S' ions ; and finally 

f- 

(1 - x)aj + xajj is the quantity of the Na ions. 

By division of these equations, we ol)tain 


i.e. hofk s(dts are dissociated to ths same extent. 

If Kj and Kg denote respectively the dissociation constants of 
the acids, by the application of the law of mass-action to reactions III, 
and IV., wo obtain respectively 

III. K,x = --''A 

IV. 

from which by division, and recollecting the identity of «j and wo 
obtain 

K, (1-x)-^ 

K.r ■ 

1 — X 

Here denotes the ratio of distribution of the two acids, and we see 

X 

at once that it is independent of the nature of the {mon-acid) base. If 
(1 - x)>x, it denotes that the base claims a larger part of the acid SH 
than it does of the acid S'H j and we can express this ])y saying that 
the first acid has a greater '^affinity ” for the base, or that the first acid 
is “ stronger ” ; but we must Like care not to include any more in these 
expressions than is implied by the preceding considerations. The 
greater “affinity” or “strength” of the first acid consists in this, and 
in this solely: that at the same concentration, the former' acid is eleclro- 
lytimlly dissociated to a greater extent than the second add is. 

Now, by the use of the proposition, that salts having an analogous 
constitution are dissociated to the same extent, the sLite of equilibrium 
is definitely determined, in that a greater fraction of the more strongly 
dissociated acid is concerned with the base than of the acid which is 
dissociated to a less extent ; and the ratio of distribution is quantitatively 
equal to the square root of the ratio of the two dissociation constants. 
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We may state the result thus. Let us denote the degree of dis- 
sociation of the two acids respectively by and when each is 
dissolved alone in volume V ; then we have 

K,V-;^,.„dK.V 

or, since and can be neglected as compared with 1 on account of 
the slight dissociation of the acids, it follows that 

K., a/ 

and, therefore, 

1 - X a. , , a, 

— ~ and 1 - X ~ - — . 

X Ug aj + Ho 

TIuit i.s‘, the ratio of (list rib alion is accordmghf eqml to the ratio of the 
resperUve degree^i of dissociation, at the cori'esjkoidhig dilution. 

One method for the experimental determination of the relative 
disti'ibution of any one base between two acids, was given by Thomsen 
as early as 1854, long before a clear conception of the process of 
neutralisation was obtained as a result of the consequences of the 
theory of dissociation. 

If one equivalent of the base is mixed with one equivalent of each 
of the acids separately, a certain amount of heat is developed, which in 
the two cases may amount to a and b, respectively. Noav, if we mix 
one equivalent of the base with one equivalent of each of the acids 
together, a different quantity of heat will be developed, which may be 
denoted by c. 

If the first acid alone unites with the base, and the second acid 
has nothing to do with the reaction, then c = a ; and, conversely, if 
the second acid alone unites with the base, then c = b. Now, in fact, 
both acids participate in the neutralisation, and therefore c must lie 
between a and b, provided that there are no disturbing side reactions, 
such as the formation of acid salts, and the like. 

The (piantity of the Ih-st acid concerned in the neutralisation, must 
amount to 

c-b 

a-b^ 

the nearer c is to a, the greater the value of this fraction will be ; and 
the nearer c is to b, the smaller the value of the fraction. Then, 
according to the method of notation given above, we shall have 

a~b' a-b' x a-c 

This method of proof is free from objection, either from the old 
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or the new standpoint. The change in the views merely concerns the 
manner in which the acid and the base neutralise each other. This 
process consists not only in the formation of a salt from the acid and 
the base, but also at the same time there occurs, and usually in a pre- 
ponderating degree, according to the circumstances, the formation of 
the free ions which constitute the salt. 

Instead of using the “ heat of reaction ” to determine the ratio of 
distribution, one may employ, with just as good or better results, the 
changes in the volumes or in the refractive powers of the solutions, 
on neutralisation, as was shown by Ostwald in 1878; and by means 
of a corresponding method of treatment, one’ obtains formulae which 
are exactly the same in the case as above. In particular, the method 
of the determination of the changes in volume unites accuracy and 
simplicity of treatment. 

In the following table are given the results of a number of the 
determinations ^ conducted according to the latter method. 



1 - X Obs. 

1 - X Ciilc. 

Nitric acid ; Di-chlor-acetic acid ..... 

0-76 

0*69 

Ilydrocliloric acid ; Di-chlor-acetic acid .... 

0*74 

0*69 

Tri-clilor-acetic acid ; Di-chlor-acetic acid 

0*71 

0*69 

Di-chlor-acetic acid ; Lactic acid 

0-91 

0-95 

Tri-chlor-acetic acid ; Mono-chlor-acctic acid . 

0-92 

0-91 

,, ; Formic acid 

0-97 

0-97 

Formic acid ; Lactic acid 

0’54 

0-.5G 

,, ; Acetic acid 

0-7G j 

0-75 

,, ,, ; Butyric acid 

0-80 1 

! 0*79 

,, ; Iso-butyric acid 

0-79 

0*79 

,, ,, ; Propionic acid 

0’81 ! 

f 0-80 

,, ; Glycollic acid 

0-44 (?)i 

0*53 

Acetic acid ; Butyric acid 

0 5.3 ; 

0-.54 

,, „ ; Iso- butyric acid ..... 

0-53 1 

1 

0-.54 


The significance of the observed value of 1 - x may be illustrated 
most easily in the following way. If four equivalent solutions of SNa, 
S'Na, SH, and S'H, respectively, are mixed in the proportions : 1 - x 
volume of SNa, x volume of S'Na, x volume of SFT, and 1 - x volume 
of S'H, — then there occurs neither contraction nor expansion. It is 
indifferent whether one uses, instead of sodium, any other mon-acid 
base (as is also required by theory). We conclude from this that 
acids and salts eAst together in those relative proportions which correspond to 
the equilihrium of their mixture. For if this were not the case a reaction 
would take place, which would consist in a change of the degree of 
dissociation of the four electrolytes, and this would be shown by a 
change of volume. Therefore the experimental value of 1 - x must 
coincide with the formula developed above. 

^ OstwaM, Juurn. ijr. Chem. [2], 18 . 328 (1878). 

2 O 
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As a matter of fact this does occur, as was shown by Arrhenius.^ 
In the second column of the preceding table are given the values of 
1 " X, calculated by the formula developed above, 


from the ratio of the degrees of dissociation of the two acids at the 
dilution employed, which amounted to three litres, inasmuch as the 
solutions which were studied, resulted from the mixture of three 
normal solutions of the .base and of the two acids respectively. 

With the exception of the first three values, — where the competi- 
tion [for the base] was between very strong acids, and therefore the 
conditions of the theoretical formula were not fulfilled ; and of one 
particular value which probably involved some error, — a very good 
coincidence is established in general between the values of 1 - x, as 
calculated from the changes of volume on neutralisation and those 
calculated from the respective conductivities of the pure acids. As 
the value of 1 - x is always greater than 0*5, therefore the acid 
named first is the stronger in all three cases.^ 

In the competition between any two weak acids, at such dilutions 
that the salts of the acids may be regarded as completely dissociated, 
the reaction progresses according to the scheme, 


SM + 8' + Na - S'll + 8 + Na, 


SH + 8'=:8'H + S. 


ar simply 
a 

Now the law of mass- action requires that 
Acid I. X acid-ion IL 
Acid II. X acid-ion I. 


a constant. 


This equation was found to be established by Lellmann and 
Schliemann.'^ The method employed by them was in principle that 
of Jellet (p. 497) ; only instead of using the rotation of light, they 
used the absorption of light to analyse the state of equilibrium. 

The relations involving partition of an acid between two bases are, 
of course, exactly analogous ; if polybasic acids, e.g, sulphuric acid, are 
used, the theoretical treatment of the conditions of equilibrium is com- 
plicated by the formation of acid salts.'^ 

^ Zeitschr, phys. Chem. 6. 1 (1890). 

See Thiel {Zeitschr. phys. Chem. 61 . 114 (1893)) for a theoretical treatment not 
involving the above simplifying assinnptions, and also for iin exact experimental proof of 
the equations involved. 

^ Leih. Ann. 270 . 208 (1892). See also Arrhenius, Zeitschr. phys. Chem. 10 . 
670 (1892). 

* See A. A. Noyes, ** On tiie Separation of Hydrogen Jons from Acid Salts,” Zeitschr. 
phys, Chem. 11 , 495 (1893). 
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The Strength of Acids and Bases.— It is a very common and 
old experience, that different acids and bases exhibit very different 
“intensities” or “strengths” in those solutions where their acid or 
basic nature, as such, comes into play. But in spite of many 
endeavours to this end it is only recently that it has been possible 
to express their strengths numerically, ie. to find a numerical 
coefficient of each particular acid and base, which should make possible 
the calculation of the degree of their distribution in reactions which 
are characteristic of the respective acids and bases. 

This problem was first deliberately attacked in a broad way by J. 
Thomsen (1868) ; but it was Ostwald (1878-1887) who first succeeded 
in proving, beyond all doubt, that the property of acids and liases of 
exerting their action according to the standards of definite coefficients, 
finds its expression not only in the forming of salts, but also in a large 
number of other and very different reactions. 

Ostwald compared the order of the strengths of acids — obtained 
according to Thomsen’s thermo-chemical and his own volume method 
by alloAving the acids to compete, in paire for the same base- - with 
the order of the capacity of the acids to dissolve calcium oxalate ; 
of the velocities with which they convert acetamide into ammonium 
acetate, dissociate methyl acetate catalytically into methyl alcohol and 
acetic acid, and invert cano sugar ; and finally with the order in which 
they accelerate the reaction between hydriodic acid and bromic acid. 

Ostwald showed that in all these widely different cases investigated 
the same order for ii\^ relative strengths of the diffei'ent acids is alway 
obtained whichever of the above chemical reactions is chosen as 
measure of the strengths. It should be noticed that all the decompos' 
tions enumerated above, were conducted in dilute aqueous solution, ant 
therefore the order obtained refers only to reaction capacities under 
these conditions. The order of the acids was shown to bo fairly 
independent of the temperature. 

Although Ost Wald’s investigations clearly indicated the relative ordei' 
of the strength of the particular acids, yet great difficulty was ex- 
perienced in jiscertaining the quantitative ratios ; and the numerical 
coefficients, calculated from the particular reactions, often showed 
great deviations, although sometimes there were surprising coincidences. 
In particular the coefficients varied very greatly with the concentmtion, 
and in those cases where the concentration of the acid cliangcd con- 
siderably in the course of the reaction, the calculation was, of course, 
entirely untrustworthy. A similar behaviour was found in the study 
of bases, though the observations were not so extended. 

These seemingly complicated relations were at once cleared up by 
the application of the law of chemical mass-action to the exceptional 
behaviour of substances in aqueous solution — which was first recognised 
by van ’t Iloff (I88fi), and afterwards referred by Arrhenius (1887) to 
electrolytic dissociation. The formulae to be used here in the calcula- 
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tioTi of the equilibrium mtios, follow naturally from the law of mass- 
action. 

The peculiarities of the behaviour of acids and bases, which must 
Ix) presented in the sense of the views developed by Arrhenius, — 
peculiarities, moreover, which are illustrated l)oth in the old-time 
distinction between neutral solutions, on the one hand, and acid and 
basic solutions on the other, and also in the recognition of a polar 
contrast between the two latter — are now, in the light of the thewy of 
eleetrolyfk disiiociatiirti, to be conceived of in the following way. 

The reactions which are characteristic of acids existing in solution, 
which are common to all acids, and which can only be efiected by 
aculs, — can be all referred to the fact, that the dissociation of these 
bodies, as a class, results in the production of the same molecular 

species, the positively charged hydrogen ion H. 

Tlierefm'e those cheruical actions which are characteristic of acids are to he 
ascribed to the action of the hydrogen ions. 

In the same way, e.g., the chemical actions which are common to 
the chlorides are to be explained by the action of the free chlorine ions. 

Similarly, the reactions which are characteiistic of bases existing in 
solution, depend upon the production of negatively charged hydroxyl 


ions \HO/ by this class of substances. 

Therefore the specific action of bases is due to the hydroxyl ions. 

A solution reacts acid when it contains free hydrogen ions ; and 
dkaline when it contains free hydroxyl ions. If we bring together an 


cid solution and an alkaline solution, nmtmd neutralisation occurs 


l^p. 554), because the positive hydrogen ions and the negative hydroxyl 
ions are incapable of existing beside each other, but, on iiccount of tlie 
extraordinarily weak conductivity, i.e. the small dissociation of water, 
immediately combine to form electrically neutral molecules, in the 
sense of the equation 

H + OH-HgO. 


Thus wo find a simple explanation of the polar contrast between 
acid and basic solutions ; it consists simply in this, namely, that the 
ions which are respectively cliaraciei'isiic of the acid and of the base, together 
form the tico ingredients of the solvent, in which we study the reactimi 
capacities. 

The conception of the “ strength ” of an acid or of a base now 
explains itself. If we compare equivalent solutions of different acids, 
each one will exert the actions characteristic of acids the more 
energetically, the more free hydrogen ions it contains. This follows 
immediately from the law of chemical mass-action. 

The deijree of the electrolytic dissociation determines the relative strength of 
the acid ; and similar considerations lead to the conclusion that — 
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The strength of bases dejmids upon the degi'ee of their electrolytic 
dissociatioii. 

Now the degree of the electrolytic dissociation varies regularly 
Avith the concentration, in the way indicated on p. 545. At very 
extreme dilution, equivalent solutions of the most various acids conttiin 
the same number of hydrogen ions, or, in other words, they are equally 
strong ; and the same is true of the hydroxyl ions of bases. 

The dissociation decreases Avith incrciising concentration, but at a 
different rate for different substances. Thus the relative strengths of 
bases and acids must vary Avith their concentration, as AViis empirically 
established l)y OstAvald. 

Now the dissociation constant is the meiisiuo of the variation of 
the degree of dissociation Avith the concentration ; i.e. we must regard 
these magnitudes as the measure of the strengths of acids and Intses. Thus 
by the consideration of this special case, avo again obtain the same 
result as that previously developed in a general Avay (p. 548), namely, 
the dissoriaimi eocjficients are the measures of the. reacthm capacities of all 
substances^ e.g. of both acids and bases. 

The order of succession of the acids, as ari'angcd by OstAvald on 
the basis of the most various reactions, must coincide with the oi’der 
of their dissociation constants ; and also, since the dcpi’cssion of the 
freezing-point increases Avith the degree of the electrical dissociation, 
it must coincide Avith the order of their relative depression of the 
freezing-point in ccpiivalent solutions. The result is eshiblishcd by 
experiment. 

The degree of dissociation a, of iin acid, in a definite concentration 
at which its molecular conductivity is A, is calculated to be ([>. 391) 

A 

^00 

The conductivity at very great dilution ryj f according to the laAV 
of Kohlraiisch (p. 395), is 

^00 + 

Noav since u, the ionic mobility of hydrogen, is usually more than 
ten times as great as v, the ionic mobility of the negative radical 
of the acid, therefore A^^ has approximately the same value for all 
acids (usually Avithin less than 10 per cent); and therefore the con- 
ductivity of an acid in equivalent concentration corresponds, at least appi'oxi- 
mately, to the degree of its electrolytic dissociation, i.e. to its strength. On 
the whole, the order of succession as arranged in accordance with the 
conductivities is identical with the order of succession as shown by 
their acids in their specific reactions. The recognition by Arrhenius 
and Ostwald (in 1885) of this remarkable parallelism was an im- 
portant event, for it led to the discovery of electrolytic dissociation. 

A detailed discussion of various reactions will now teach us how 
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the degree to which acids and liases parUike in these reactions may be 
calculated quantitatv-dt/ from their dissociation constants. 

Hydrolytic Dissociation. — A very important case in which 
water as a solvent participates in the reaction, is the so-called liydro- 
Ifftk disaociaiion ; or briefly hydrolysis ” i.e. the decomposition of a 
salt into base and acid by combination with the components of water. 

The theory of this, according to what has been explained, is very 
simple. Let any quantities of an acid 8H, and a base BOH, be 
dissolved in a large quantity of water. Then, in general, the five 
following reactions will occur in one sense or the other by a change 
in the relative proiiortions : 

I. SB-Sh-R 
IL SH = S + H. 

III. B0H-B + 0"n. 

IV. H20-H + 0k 


V. B-hS + HgO^SH hBOII. 

Reactions I. to IV. inclusive are cases of electrolytic dissociation ; 
reaction V. is the equation of hydrolytic dissociation. Let Kj to Kg 
inclusive be the respective reaction coefficients, and let the respective 
concentrations of the reacting molecular species, which are partly 
electrically neutral molecules, and partly ions, be as follows : 

SB SH BOII B H S OH 

C| Cjj O3 c^ c.2 Cj c^ . 

Now, according to the conditions of the experiment, the total quantity 
of the radicivl S, is 

Cj + C .2 + c/ ^ m ; 
and that of the radical B, is 


and also, 


^ ^3 — n j 

Cl -I- Cg = Cj + Cg ; 


i.e. the solution contains the same number of positive and of negative 
ions. The active mass of the solvent, i.e. of the molecule HgO, is 
very nearly constant (p. 505) ; it is of course indifferent whether 
water in the liquid state has this molecular weight or another. 

The application of the law of mass-action to reactions I. to V. 
inclusive, gives respectively the following equations : 



CH. IV 


CHEMICAL EQUILIBRIUM IN SALT SOLUTIONS 


567 


1. KjCi-c,c/. 

If. 

III. 

IV. 

y. k,c,c; = c,G3. 


Kj may, Avith a satisfactory approach to accuracy, bo regarded as the 
same (p. 546) for all binary electrolytes composed of univalent ions. 
Kg and Kg arc the dissociation constants of the acid and base 
respectively, K^ is known (p. 555). 

By multiplying equations II. and III., we obtain 


C.,C, = 

" K„ 


CjCg 

K., ’ 


and this, by substitution from IV^., becomes 


CgCg - C/Cj 


^^4 

K^K^- 


By comparing this with equation V., we get 



The reaction constant for hydrolysis can therefore bo calculated 
from the dissociation constant of the reacting molecules, that is, the 
degree of hydrolysis can be calculated when we know the strength of 
the acid and base. 

In practically applying the above equation we must consider, how- 
ever, that the value of K is not constant (p. 546) for strongly dissociated 
electrolytes, that is for neutral salts and very strong acids and bases. 
In this case the above formula may be most practically aj)plied by 
treating these substances as completely dissociated, and afterwards 
introducing small corrections on account of the inaccuracy of this 
assumption. 

The strongest hydrolysis is of course to be expected when both 
the acid and the base are very weak. It may happen in this case that 
the salt is entirely decomposed, especially when the acid or base is 
insoluble, and hence the greater part of the substance is precipitated 
and becomes inactive. Thus white silver borate decomposes on 
heating, with separation of silver oxide, in the same way ferric acetate 
decomposes in dilute solution on boiling almost completely into ferric 
hydroxide and free acid. A case in which the salt decomposes com- 
pletely in the cold at any attainable dilution is to be found in the 
behaviour of the salts of the trivalent metals towards carbonates ; 
the hydroxide is here precipitated at once because the hydrolysis of 
the carbonates of these metals is almost complete. 
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Walker * investigated quantitatively the hydrolysis of the chlorides 
of some weak bases (such as aniline) by measuring the amount of free 
hydrogen ions by the velocity of inversion of methyl acetate (see the 
following chapter). In this case hydrolysis occurs according to the 
equation 

H + CUn,0-B0H i Cl + H, 


or more simply 


B + II.O-BOH + H; 


as we may here, on account of the strong dissociation of the hydrochloric 
acid, regard the concentration of the hydrogen ions as very approxi- 
mately the same as that of the free acid, and, on account of the strong 

- 1 - 

dissociation of the salt, regard the concenti-ation of the B-ions as being 
that of the undissociated salt, and finally, on account of the very 
feeble dissociation of the base, regard the concentration of BOH as 
equally that of the free base, we get the equation 


[BOH] [II] Base x Acid 


m 


Salt 


~ const. 


which Walker found to be confirmed by experiment. 

In the case stated by Walker the hydrolysis was considerable 
despite the strength of the acid, because the base was extraordinarily 
weak ; conversely Shields measured the hydrolysis of a number of 
salts for Avhich the base was strong and the acid very weak. The rate 
of saponification of methyl acetate was determined, as the amount of 
free hydroxyl ions is directly proportional to it (see the following 
chapter), and, on account of the strength of the base used, this is 
practically identical with the total concentration of the free base. 
The degree of hydrolytic dissociation at 25"" was found for decinormal 
solutions of the following salts ; — 


I’otassium cyanide . 
Sodium carbonate . 
Potassium phenolate 
Borax . 

Sodium acetate 


Id 2 per cent. 
3*17 „ 

3-05 „ 

0-5 

0-008 „ 


Since in the above cases the base is very strong and the acid very 
weak the reaction occurs practically according to the equation, e.g. 


CN + HgO^OH-rHCN, 

and by using pure salts, that is, by avoiding an excess of acid or base 

^ Zeitschr, phys. Chevu 4. 319 ( 1889 ). 

Ibid. 12. 167 ( 1893 ). 
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the amounl<s of free acid and base must be equal, so that the law of 
mass-action gives 

- constant, or the base is proportional to salt, 

Salt 

that is, the degree of hydrohjsls is proportional to the sipiare root of the 
concentration of the unhydrohjsed salt, and the latter quantity is not very 
different from the total concentration of the salt when the hydrolysis 
is small. 

We may calruLiU*. tlu*- dissociation of water from the tact that 0*1 iioi*mal 
sodium acetate is liydrolysed to the extent of 0 ‘ 0 () 8 ^^ Since acetic acid in 
presence of its salt is very slightly dissociated, the free Uise (NaOH) almost 
completely, we have as the concentrations of the acetic acid and the hydroxyl 
ions 

— mol 

[OH 3 COOH] - [OH] - O OOOOOB ^ 

The amount of free hydrogen ions [H] is found from the e<piation 

K[CH 3 C 00 H]=.[ 0 h 7 ^ 00 ] [H], 

where. K, the dissoctiatiou constant of acetic acid, is 0‘000()178 (p. 546), 
and the concentration of the negative ion of acetic acid is almost precisely 
that of the salt ( 0 * 1 ). We thus find 

-t- 0-0000178 . ()-000008 

[H]= :=l-42xl0^ 

and according to ]). 555 

C„= \/ [ll] [OH]= n/i-42 . 0-8 . 10-1'= M . lo 7^ 

that is, pure water at 25“ is 0*11 millionths normal with ies]>ect to the 
hydrogen or hydr«)xyl ions. Walker {loc. cif. p. 568), by means of th(‘. values 
of K given on p. 550, calculated in the .same way the hydrolysis of potassium 
cyanide, potassium idienolate, and borax to be 0-06, 3*0 and 0-3 in striking 
agreement with the experiments of Shields. Compare the work by Kanolt, 
mentioned on ]). 555. 

The Theory of Indicators.^ — Many of the so-called ^^colour- 
reactions ’’ may be explained by a change in the electrolytic dissociation, 
whether it is a result of dilution or of the addition of some foreign 
substance. 

We have already seen (p. 423) that each particular ion has its 
own definite absorption of light, and that in general this changes when 
the ion unites with another. Thus cupric chloride has a green colour, 

* Ostwald, Lehrh. d. edhj. (Jhhn. 2iul e«lit., 1891, Bd. I. j). 799 ; UrniuildAjm d. 
analyt. Chemie, chap, vi., ith edit., Leipzig, 1904. For details consult A. Thiers 
excellent monograph. Stand der Indikatm'enfrage (Enke, Stuttgart. 1911). 
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which is due to the presence of undissociated molecules ; and it is 
only at extended dilution that the blue colour of the cupric ions 
appears, which is exhibited by all cupric salts dissolved in much 
water. If one adds hydrochloric acid to a dilute solution of cupric 
chloride, the dissociation is diminished, and the solution again becomes 
a clear green. 

The (prarititative study of the gradual change in coloration is an 
elegant method of investigating chemical ecjuilibiium, which was first 
introduced by Gladstone (1855). It has been used since by Salet 
(p. 580), MagnaniinV Lellmann (p. 562), and others. 

Upon phenomena like this depends the common use of indicators 
in volumetric analysis, i.e, substances which in acid solutions have 
colours different from those in fdkaline solutions. Every weak acid or 
base is suiltdAe for such a purpose when its radical has, as an ion, a colour 
dilferent from that which it has in an electrically neutral molecule. 

The acid or base must be weak* so that a very slight excess of 
hydrogen or hydroxyl ions may cause a great change in coloration. 
Thus paranitrophenol is an acid indicator ; the undissociated molecule 
of this acid is colourless, its negative ion is coloured an intense yellow. 
If acid is present in the solution the already slight dissociation of the 
indicator is almost entirely destroyed and the solution becomes colour- 
less. If, on the contrary, a base is added, the strongly dissociated 
salt of jiarapitrophenol is formed, and the solution becomes yellow. 
Another acid indicator of similar chemical character is phenolphthalein, 
which is colourless in the undissociated state, that is, in the presence 
of a trace of hydrogen ions. But as soon as the solution becomes 
alkaline the strongly dissociated salt of phenolphthalein is formed, 
and the intense red of its negative ion appears. Methyl orange is an 
example of a basic indicator ; in acid solutions it is coloured an intense 
7’ed, in alkaline it is yellowish.^ 

The above considerations show when an induvitor is us(*ful, that is, 
when it gives a sharp change of colour, and when not. If it is a strong or 
even a moderately strong acid its dissociation would only htj destroyed l)y a 
considerable e.vcoss of hydrogen ions. On the other hand, it must not he too 
weak an acid, otherwise, with excess of base, the salt formed by the base and 
the indicfitor would be hydrolytically decomposed to a considerable extent, 
and consequently the change of colour would be weakened. The latter 
circumstance becomes of more importance when the base added is weak. 
Phenolphthalein, for example, is so weak an acid that its ammonia salt is 
strongly dissociated hydrolytically, hence when ammonia is titrated with 
phenolphthalein as indicator the red colour of the ion of phenolphthalein 
disapjiears on addition of acid before the ammonia present has been thoroughly 


' Zvitsrhr. phya. Cheni. 8. (1891). 

'** See also on this point F. W. Kiister, Zeitschr. anorg. Chan. 13. 130 (1897), who 
shows conviuoiiigly that the acid function of methyl orange is unimportant as regards 
change of colour (p. 412). 
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neutralised. Paranitrophenol is a considerably stronger acid, its aiiinioniiun 
salt is less decomposed hydrolytically, and the change of colour mnains sharp. 
Hence weak bases may be titrated with paranitrophenol, but not with 
phenolphthalein as indicator. In titrating strong bases phenolphthalein 
gives more exa(;t results than paranitrophenol, because the yellow colour of 
the negative ion of the more strongly dissociati'd paranitrophenol appears 
before the neutralisation is completely effected by the alkali added, whilst 
the much more w’eakly dissociated phenolphthalein only shows the red colour 
of its negative ion when an extremely minute quantity of the strong base 
is present in excess. The same considerations apply naturally to basic 
indicators like methyl orange, so that we are led to tin? following rule as to 
the use of indicators. A wailc base and a wmh arid ara not to be nsed 
together on account of hydrolysis ; very weak acid indicators are therefore 
unavailable for titrating weak bases, very weak bases for titrating weak 
acids. As titrating liquid strong acids and strong bas(*s should always be 
used (hydrochloric acid, barium hydroxide). If the indicator used is a 
moderately weak acid or base the change of colour can still be u.sed in 
titrating weak bases although with a certain loss of sensitiveness. 

In multivalent acids it jiiay happen that, on account of the different 
strengths of its valencies, oidy one stage of the dissociation jiiay come into 
evidence on account of the nature of the. indicator used. Thus carbonic acid 
cannot be titrated at all with methyl orange, with phenolphthalein it 
aiipears as a univalent acid ; phosphoric acid behaves as a univalent acid 
on titration with methyl orange, as a divalent acid on titration with 
phenolphthalein. For further details see the study on indicators by Julius 
Wagner.^ 

Recent investigations (set*. J. Stieglitz, Journ. Anier, CJmn. t>oc. 25. 1112 
(1903) ; further especially Hautzsch, Ber, 40. 3017 (1907) ; 41. 1187 
(1908)) have shown that the decrease in dissociation of an indicator is 
accompanied by a change in constitution, and it is this that aiuses the colour 
change ; sec the i)aragraph “ Tautomerism ” in the following chapter. The 
above considerations are, however, unaffected by this ; but the further 
condition must be added, that an indicator is only useful when the change 
in constitution takes place rapidly, which is by no means always the case. 
But the observation that the colour of some indicators changes Avitli 
measurable velocity, shows clearly that the change is not only due to a 
decrease iii electrolytic dissociation. 

The above considerations on change of colour in solutions may be 
extended by a short discussion of the phenomenon mentioned already on 
p. 368, namely that iodine is violet in some solutions, i.e. the same colour 
as iodine vapour, while in other solutions it is brown. P. Waentig {Zeitschr. 
physik. Ghem. 69. 523 [1909], showed by spectroscopical investigations that 
the absorption si)ectrum of the first class of solutions is similar to the 
absorption spectrum of free iodine in the gaseous state, while that of the 
second class varies from solution to solution, which points to a chemical 
action of the solvent. In agreement with this it was found possible in 
certain conditions, by a rise in temj)erature and consequent dissociation, to 
change the browm solution into violet. J. B. Hildebrande and B. L. 

^ Zeitschr, anorg. Chem. 27. 138 (1901). 
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IJUisoock (Journ. Avur. VMm. Hoc, 31 . 26 [1609]) arrived independently at 
the warne etmeluHion in quite a different way ; tliey dissolved ifxline and the 
supposed active solvent siiiiidtaneou^ly in an indiflereid solvent, and showed 
by nieasuremcjiits of* the depression of the freezing-point tliat a chemical 
aetion did in fact take, jjkuie (compare p. .503). 

Sensitiveness of Indicators. — According to the pi eceding para- 
graph, the sensitivcn(3.s8 of an indicator depends not only on the 
nature of the colour change, but on the concentration of hydrogen 
ions in the solution when the change in colour takes place. Every 
indicator, whether acidic or basic, changes in colour when there is 
excess of either hydrogen or hydroxyl ions in the solution ; for 
example, if the indicator is a fairly weak acid, a certain excess of 
hydrogen ions must be present, before its dissociation is sufficiently 
depressed ; on the other hand, if it is an extremely weak acid a certain 
(jxcess of hydroxyl ions will be reipiired before hydrolysis is so far 
prevented that the anion of the acid {ij\ the salt of the indicator) can 
1)0 present in sufficient quantity. It is, of course, best when the 
(ihange in colour takes place as near as possible to the neutral point 
— whcr*o the concentrations of hydrogen and hydroxyl ions arc the 
same. 

Those relations have been quantitatively investigated by two 
methods, under my direction ; Salessky * determined the concentration 
of hydrogen ions at the point where the colour changed by means of 
a liydrogen electrode (see Book TV. Chap. YIII.) ; Kcls - prepared 
solutions of known (very small) concentration of hydrogen ions by 
adding acetic acid to sodium acetate, or ammonia to ammonium 
chloride solutions (the concentration of hydrogen ions can be calculated 
as in the oxamjde on p. .569). The two methods gave concordant 
results, of which the following table contains the most important : 



C 

•lour. 

Imlirator. 




III Alknline. 

In Arid Solution. 

Tropuolin 0*0 . 

Red 

Orange 

Pheiiolplithaloin 

Hod 

Colmirless 

Litmus 

Blue 

lied 

j). Nitrophonol . 

Yellow 

Colourless 

Mc'thyl orange . 

Yellow 

Red 

(longo red . 

Rod 

Blue 

Methyl violet . 

Violot 

Blue 


("oiirrnlnition of ll.Ndin^eii Ion 
nurespomliiij; to tlu* liiMeriMit Colours. 


10 *' ■- ()r{iiijj.;u-rcd 
/ 10 ml 

1 10 ' ^ colourless 
10 intcriiRMliate purple colour 
f 10 yellow 

\ 10 colourless 

[ 10 ^ yclloAv 
1 10 orange 
(lO red 

1 10 red intermediate colour 
\10 blue intermediate colour 
1 10 “'^violet 
^10 -aw blue 


^ Zeitschr./, KlektrochemU^ 1904, p. 205. “ Ibid, p. 208. 
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Very exact measurements of this kind, witli special reference to 
physiological applications, have been made by Sorensen.^ 

Rupp and Ix)Ose - have recently discovered a new indicator (methyl 
red), which is apparently very sensitive to alkalies. 

The true neutral point is (p. 555) at 10 the colour changes 
of litmus and phenolphthalein take place very close to this. The 
concentration of hydroxyl ions is of course given hy : 



The ditferent sensitiveness of indicators can he easily demonstrated 
by the following experiment. By adding soda to a solution of an 
ester in water, saponification occurs, and the solution becomes less 
and less alkaline, until the neutral point is p.issed, and the solution 
becomes slightly acid in conseipicnce of the hydrolytic dissociation of 
the ester into acid and alcohol. As this reaction as a rule takes place 
very’^ slowly, a suitable ester must be chosen, (\tj. methyl formate. If 
various indicators are added at the same time to diffenmt samples of 
the same mixture of water, ester, and a little soda, they all show at 
first the characteristic colour for alkaline solutions ; phenolphthalein 
then changes over very quickly', followed somewhat later by' litmus, 
then by p-nitrophenol, and after a relatively long time by methyl 
orange. It can be seen that this is the same order as that given in 
the above table. For further details of this lecture experiment see 
Nernst, Ber, 42. 3178. 

The same experiment, which may be alsf> used ns a demonstration 
of the velocity of a chemical reaction (see the following (diaptor), 
allows the sen.sitivcne.ss of an indicator to be determined (|uantitativoly, 
by first determining the time taken for various indicatois of known 
sensitiveness to change oven-, and then, from the coiresponding time 
for the nnknowfi indicator, deducing its sen.sitivcncss hy interpolation. 
In this way Handa {ihid. p. 3179) found the values 10 and 10 
for methyd red and cyanine. 

The Mutual Influence of the Solubility of Salts.— We have 
thus far considered equilibrium in salt solutions, as though these 
were liomof^nifous sy'stems. We will now consider the case where solid 
sails participate in the equilibrium. The proposition that a solid sub- 
stance, which dissociate.s on solution, has a definite solubility at a 
definite temperature, like every other solid substance (p. 520), holds 
good of cour.se for the Ciise where the dissociation i.s electrolytic ; and 
thus the propositions previously developed may he applied, without 
further remark, to the case in hand. This sbitement thus enables us 
to consider, completely^ the c.ase where the solid salt participates in 
the equilibrium, as will be made plain from the following example. 

' Uiochcmischc ZeUschrift^ 21. 131 ( 1909 ). - lir.r. 41. 3905 ( 1908 ). 
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We will first consider the simple case of a binary eUctrohjtr, and we 
will investigate the change in its solubility caused by the presence of 
another binary electrolyte which has a common ion. The process can 
at once bo surveyed in a rpialitative way. 

The saturated solution of the first electrolyte, of course, is never 
completely dissociated, for some electrically neutral molecules will he 
present in the solution. The proposition (p. 521) that the concentra- 
tion remains unchanged by the presence of other substances in the 
solution may bo immediately applied to these neutral molecules. If 
we add to the saturated water solution of the electrolyte another 
electrolyte with a common ion, then in exactly the same way that 
it was found on p. 551, the dissociation of the first electrolyte will 
retreat, and the (luantity of electrically neutral molecules will increase. 
Hut this increased quantity prevents the solution pressure of the solid 
salt from remaining in equilibrium, and therefore a definite part of the 
dissolved .salt will be precipitated from the solution, until the equi- 
librium is re-estiiblished. 7Vm.s’ the solubility of one salt w diminished in 
the presonre. of another having a common ion. 

This proposition may be proved in a qualitative way without 
difficulty. Thus, if one adds to a saturated solution of potassium 
chlorate a solution of another potassium siilt, as e.g. poUissium chloride, 
or a solution of another chlorate as e.y. sodium chlorate, — and this may 
bo done most easily by adding a few drops of a concentrated solution 
of the other substance, — a copious separation of solid potassium 
chlorate Uikes place after a few moments. A s.aturated solution of 
lead chloride gives immediately a white precipitate on addition of a 
few dro^w of chloride and so on. 

The mutiuvl influence of solubility can easily be developed 
theoretically in a quantitative way. Thus let ra^, be the solubility of 
the solid electrolyte in pure water ; and let be the degree of dissocia- 
tion corresponding to this concentration (the latter being expressed, 
as always, in gequivalents per litre). Then m^(l-aQ) will denote 
the undissociated, and the dissociated quantity of the electrolyte. 
Let its solubility bo m, ami the corresponding degree of dissociation l>e 
u, in the presence of another electrolyte, the free ions of which have 
the concentration x. 

Then the theorem of the constiint solubility of the undi.ssociated 
part, gives 

- "u) " “ '*). 

aiul the application of the isotherm of dissociation, in the two cases, 
gives 

Knifl(l - «o) - 

Rm( I ■ a) = ma(ma + x) ; 
and therefore, there must exist the relation, 

(m^a^j)- = ma(mu + x), 
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from which we obtain 



this equation enaliles one to calculate the solubility after the addition, 
from the solubility of the salt in pure water, and from the quantity of 
salt atlded. 

This preceding law of solubility, which I developed in 1889, and 
and also experimentally verified (p. 522), was later subjected to a very 
careful test by A. A. Noyes ; ^ its reciuirements were established in a 
striking way. Thus Noyes studied the alteration of the solubility of 
silver broraatc in the presence of silver nitrate and potassium bromate. 


I. 

Addition of ! 

or of K Hr( );{ 
r«*.sprL*ti\ «*ly. 

tl. 

Sol. of Aj'BlO.t 
on t)n> iuiditioii of 
AkX< >;{. 

III. 

Sol. of A^;Hi(\{ 
on tin' .'iddition of 
KH 1 D 3 . 

IV. 

C:ih*. sol. of 

AkUK);,. 

0 - 

0-00810 

0-00810 

0 *008 10 

j O-0OS5U 1 

0-00510 

0-00519 

0-00504 

1 1 

1 0-0316 j 

1 ' 

0-00210 

0-002*27 

0-002011 


The numbers given under II. are the solubilities on addition of 
silver nitrate, under III. those on addition of })otassium bromate ; it 
appears from the table that equivalent mixtures of silver nitrate and 
potassium bromate displace the solubility of silver bromate equally 
and by practically the amount that is calculated from the law of mass- 
action. It also appears that a relatively small addition of a foreign 
substance is sutlicient to reduce the solubility to one-fourth of its 
original amount. 

Moreover, Noyes also found that the equivalent quantities of 
chlorides of nninilrnt bases (hq>ress the solubility of thallous chloride 
to the same degree ; this is a further proof of the proposition (p. 54 f>) 
that these substances are dissociated to the same extent when in 
ecpiivalent solutions. 

Moi'cover, the ad<lition of the chlorides of the diralmt metals. Mg, 
Ca, Ila, Mn, Zn, and Cn, have the same efi’ect in depressing the 
solubility ; from wliich it is to be inferred that these substances, in 
equivalent solutions, are also dissociated to the same degree. 

In contrast to the salts just mentioned, CiKJlg is dissociated to. 
a much smaller degree. Thus, in investigating the influence of 
solubility, we possess, in the suiUblc choice of substances which are 
soluble with difficulty, a method, which is applicable to every kind of 
ion, for the determination of the nuiiiher of the particular kind of ions 
contained in a solution. 

' Zeifsrhr. phys, (^hem. 0 . 241 (1890<; 9 . 603 {1892j ; 26 . ir>2 (1898). 
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Ah an example of the mutual influence of the solubilities of ternary 
derirolytiSy Noyes studied the diminution of the solubility of lead 
ddoride on the addition of the chlorides of Mg, Ca, Zn, and Mn. As 
would be ox[)Cctcd, these latter substances act with the sfinie strength. 
The degree of this influence is given hy the proposition, that the 
product of the lead ions and the square of the chlorine ions must be 
c<nistant. 

As before, let denote the solubility of PbCl2 in pure water, and 
m its solubility after the addition of x chlorine ions ; and let denote 
the original dissociation, and a that after the addition. Then the law 
of mass-action requires that 

%(! - “o) - ni(l - u), 

and 

(mfjaQ)‘^ = ma(ma + x)-. 

Then, since PbCl.^ is dissociated just as strongly as the added 
chloride, x is equal to the quantity of chloride kidded multiplied by a. 
Thus Noyes found the following results : 


Quantity a<l<h‘<l. 


in. 


KouikI. 

Calc. 

0*05 

0*697 

0*0502 

0*0522 

0*10 

0*661 

, 0*0351 

0*0351 

0-20 

0*605 

00*218 

0*0176 j 


mj^ - 0*0777 ; - 0’7.’1.‘3. 

To prccipitJitc an insoluble salt as far as possible it is therefore 
convenient to use an excess of the precipitating material in order to 
iliiuinish the solubility of the precipitated salt. It is, however, sutticient, 
especially in the Civse of very insoluble substances, to use quite a small 
excess. For example, the concentration of a saturateil solution of 
silver chloride at atmospheric temperature is about ioo\)oo normal; 
if chlorine ions are added, to precipitate silver, oidy to the extent of 
lo'oo normal in excess, the concentration of the silver ions, as a]>])ears 
from the preceding formula*, is reduced to a normality of io„o\jouu*^ 
Lead sulphate is appreciably soluble, hence the prescription of 
analytical chemistry to wash this substance with water acidulated 
with sulphuric acid rather th»an with pure water, since the acid 
reduces its solubility to an amount small as regards analysis. 

Moreover, Noyes succeeded in proving, both by theory and by 
experiment, that rouversdy the Holahitity of a salt vmsl inerease on the 
adilition of a second electrolyte containing no ion in common. 

* 8ee the interesitiiig Htiuly by C. Hoitaeiiia, Zeitachr. phys. Chem. 20. *272 (1896). 
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Thus, to extend a preceding example, if some KNO3 is added 
to AgBr03, then a number of molecules of Ag^O^ and also of KBrO^ 
will be formed. This will result in a diminution in the number of the 
molecules of AgBrO.,, which must be replaced from the solid salt. In 
this and in analogous cases the increase of the solubility is of course 
very slight ; but tbe increase would be very great if one should add, 

HNO3 saturated solution of CH3 . CO . OAg; because here, 
on account of the small dissociation constant of acetic acid, there will 
1)6 produced a very considerable quantity of undissociated acetic acid 
molecules as a result of the addition of the IlNOy ; and as the product 
of the silver ions and the acet-ions must regain its former value, a 
considerable quantity of solid silver aceUite must therefore pass into 
solution.^ 

A similar explanation may be given of the well-known fact that 
calcium oxalate is soluble in strong acid, for the product of the con- 
centration of the calcium ions and the oxalic acid ions (the so-called 
Hobihilitij product) is much diminished when a strong acid is present, 
since the hydrogen ions of the latter combine with the oxalic ions and 
thus diminish their concentration ; hence for equilibrium more calcium 
oxalate must go into solution and the amount may become quite large. 
As another example may be mentioned the solubility of zinc sulphide 
in strong acids whose hydrogen ions combine with the doubly negative 
sulphur ions of the zinc sulphide ; weak acids do not dissolve it 
because the concentration of the hydrogen ions is too small. If, 
therefore, sodium acetate be added to an acid solution of a zinc salt 
the formation of slightly dissociated acetic acid reduces the concentra- 
tion of the hydrogen ions to a small amount, and the zinc is satis- 
factorily precipitated by sulphuretted hydrogen. 

Anomalies due to Formation of Complex Ions. — There are 
cases in which the solubility of a salt is raised by addition of another 
salt containing the same ion ; thus potassium nitrate and lead nitrate 
raise each other’s solubility, mercury chloride is more easily dissolved 
by water containing hydrochloric acid than by pure water. Closer 
study of these cases, however, shows that the exception to the general 
law is only apparent ] as has been shown by Le Blanc and Noyes - in 
this and similar cases, new complex molecules are formed, so that the 
solubility product is not raised by the addition of salt containing the 
same ion as would otherwise be the case, but reduced. 

These anomalous phenomena of solubility are consequently very 
importfint for the study of complex salts in solution, a subject which 
has been very little investigated considering its enormous importfince 

* A case of this kind has been exactly worked out by Noyes and I). Hchwartz. 
Xeifschr. pht/n. Chenu 27. 279 ( 1898 ). Further reference may be rna<le to the recent 
work of Noyes and his pupils on the same .subject, Journ. Am-er. Chem, S(>c. 33. 1643 , 
( 1911 ). 2 jhul. 0 . 38.5 ( 1890 ). 

2 P 
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for inorganic chemistry. As an example of the insight* to be obtained 
by means of relatively simple researches we may mention the work of 
A. A. Noyes and W. R. Whitney.^ Potassium and sodium hydroxides 
not only do not reduce the solubility of aluminium hydroxide but 
take up considerable quantities of this insoluble substance. Yet it 
was found that the freezing-point of the solutions is not altered by 
addition of aluminium hydroxide. From this it may be concluded 
that on solution the reaction 

Oil + A1(0H)3 - Ai 6(OH)3 t H,0 

takes place, that is, the addition of aluminium hydroxide does not 
alter the number of molecules in solution. The potassium aluminatc 
has therefore in solution the formula KA10(0H)2 or KAIO^, (the 
methods in use at the present day do not allow of distinguishing 
between these two formulae any more than between NIl^ or NH^OH 
for ammonia in aqueous solution. (See the section on “ Normal and 
Abnormal Reactions.^’) 

The Application of the Law of Mass-action to Strongly 
Dissociated Electrolytes. — It has already been remarked that the 
(Mpiation of the dissociation isotherm does not hold for strongly dis- 
sociated electrolytes such as the neutral salts. Correspondingly, when 
wo calculate, according to the above theory, the influence of other salts 
on the solubility of these electrolytes, we obtain numbers which 
show unmistakable, though small, differences, from the values actually 
observed. It is always found that the solubility is decreased by a 
loss amount than that demanded by theory. This must mean that, 
besides the normal ions, others, more complex, must be present in the 
salt solutions. 

In any case the deviations from the law of mass-action are reJatively 
sm.'ill, and may be negkicted for mast practi<‘al purposes, as may be seen from 
the numerous examples given in this chapter. A detailed discussion of this 
])roblem, with full references to the literature of the subject, will be found in 
K. Drucker’s monograph, Anomalie der darJem Elektrnlyte (Knke, Stuttgarl, 
1905). 

The Reaction between any number of Solid Salts and 
their Solution. — This general case may also bo solved simply by the 
theorem, that the act ire mass of the solid substances is a const ujit. 

An example of this was studied by Guldberg and Waage (1867), 
namely, the state of equilibrium existing between the difficultly soluble 
BavSO^ and BaCO.j, and K^SO^ and solution. Here, in the 

sense of the old conceptions, we have to deal with the reaction 

BjuSO, + K2C03:;^BaC03 + K.,SO„ 

Solid. Dissol.' Solid.' Bissol. 


* Xeitschr. phys, Chem. 16. 694 (1894). 

See H. Karplus, Loslichtiilibeeinjtussung, Dissertation, Berlin, 1907. 
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and therefore the relation obtains that the ratio of the carbonate 
existing in the solution to the sulphate in solution must be a constant. 
Guldberg and Waage allowed a equivalents of K^COg, and b equi- 
valents of KgSO^, to react on each other in a water solution in the 
presence of an excess of solid BaSO^ ; they determined the quantity x 
of the RaCOg formed after a sufficiently long interval, and, as a matter 

of fact, they found the preceding ratio, namely ^ to bo constant, 

as shown by the following table : — 


K 

U. 

\. ' 

a \ 
l» 1 \’ 

0 


0-719 

a *9 

0 1 

1 

1 

0-l7d 1 

1-7 

0-25 { 

‘2 

1 

0*200 

1-0 

0-50 • 1 

2 

0-000 1 

4-0 


Now the application of the preceding conception usually loads to 
results which coincide but poorly with experiment, because electrolytic 
dissociation must also bo taken into account. According to this the 
reaction occurs in the sense of the equation, 

BaSO^ + + 80,, 

Solid, Dissoi. Solid. J)isR«>I. 

and the application of the law of mass-action leads to the result, that 
in the condition of equilibrium the ratio of the SO, ions to the OO.j 
ions in the solution must bo constant. Moreover, by a displacement 
of the point of equilibrium in the solution, in the sense of the pre- 
ceding reaction there also occur the following side reactions : 

K280,:^2K + SO,, and K./X).,^2K + CO^, 

allowance for which may be made by means of the equation of the 
isotherm of dissociation. 

But now it should be observed that as these two electrolytes have 
an analogous constitution, and are therefore dissociated to the siinie 
extent in a common solution (p. 552), it follows that fhs total quantity 
of the sulphate existing in the solution must stand in a constiint ratio 
to the carbonate. 

Thus the older conception here happens to lead to satisfactory 
resulU; in other cases— as in the explanation of the meiisurcraents 
given in the preceding paragiaph — they fail utterly; and the con- 
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tradictions can only be explained by the aid of the theory of 
electrolytic dissociation. 

Hut the newer views lead us a step farther. It follows from the 
laws of solubility (p. 574) that, in the presence of solid BaCOg and 
BiiSO^ the products of the Ba ions and the CO 3 ions, and of the Ba 
ions and the SO 4 ions, must be constant. Now the ratio of these 
products, iti tl>e measurements given above, averages about 4*0. 

Moreover, since BaCOg and BaSO^ are doubtless dissociated to the 
same extent, therefore the value 4 0 is at the same time the ratio of 
the unflissociatcd quantities of the carbonate and sulphate in their 
saturated solution. 

Finally, since each of the piirticular solutions of these two suIj- 
stances, considered by itself, is very highly dissociated on account of 
its difficult solubility, therefore, according to the rules given on p. 522, 
the value 4*0 is, at the same time, the ratio of the squares of the total 
concentrations of the two saturated solutions.^ 

[f 011(1 iioiux a solution of K I over solid AgCl, then, as can he proved in 
a perfectly analogous way, the iodine existing in the solution will be largely 
r(‘plaml by elilorine ; because as Agl is murk leas soluble than AgCl, an 
e([uivaleiit quantity of AgfH will lie changed into Agl. This is also 
(‘stahlislied by cxperinieut. If the solubilities of AgCl and Agl are known, 
tlieii, for a given concentration of KI, we may state the point of oquilibrimu 
wliich the system strives to ivach, 

'^riie analogous (‘quilibrium lietwecn silver oxide and silver chloride in 
solutions of hydroxides and chlorides has been completely investigated by 
A. A. Noyes and Kolir.*-^ 

When a dissolved salt is so strongly hydrolysed that the limit of solubility 
of one of the components (the bise or the acid) is exceeded, llie solution 
be<iomeii turhid ; thus iron salts give ferric hydroxide, silicfites give silicic 
acid. To clear such solutions the hydrolysis must be reduced by an excess of 
acid or, in the 8<»coiid instance, of base. 

I f sodium acetate is added to a clear, that is a sti ongly acid solution of 
ftu’ric chloride, the concentration of the hydrogen ions is much reduced, the 
hydrolysis is conawpiontly increased, and colloidal ferric liydroxide is pre- 
cipitated. In the same way silicic acid may be preci])itjited from the very 
alkaline \vaU*r glass solution by addition of ammonium chloride which 
reducers the number of free hydroxyl ions witli formation of ammonia. 

In conclusion, the following remarks regarding the theoretical 
treatment of the equilibrium between a salt solution and any number 
of solid salts may be made. 

For every molecular species which can be formed from the ions, 
there exists a jwrticular dissoeuUion cmisianfy which is the ratio between 

^ 111 ti'sting this deduction from the theory, it is to be noted that a saturated solution 
of barium earlKiimU^ in pure waWr is noticeably hydrolysed. See Gardner and 
GerassimofT, Zcilachr. phys. Chrm, 48. 359 (1004). 

^ Zeitsekr, phys. Chon, 42* 336 (1902). 
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the concentration of the particular molecular species and the product 
of the respective concentmtions of the ions of which it is composed. 

Further, every such molecular species has a definite soluhiUif / ; 
there is a definite value of the concentration beyond which it cannot 
pass (excluding supersaturation) ; and this solubility remains un- 
changed, other thiiigs being equal, as long as solid salt remains in 
contact with the solution. 

If one knows the value of the dissociation constants, and also the 
solubilities of all of the molecular species, then the equilibiium in the 
solution is completely determined, and if the total quantity of each 
radical is known, one can stiito how much of each radiad is jurseuf as a 
free ion, and Jam much of each is comUned with oilier ions, pu'tly in ihc 
form of electrMhj neutral nwlecides, and partly in the form of solid sidt 
external h) the solution. 

Thus the dissociation coefficients determine the number of 
electrically neutral molecules in the solution, while the solubilities 
determine the number of those which crystallise out ; and although 
we may succeed in formulating a number of general empirical rules 
for the values of the dissociation constants, yet this attempt fails 
entirely in the case of the solubilities. Thus all binary salts composed 
of univalent ions, exhibit the same degree of dissociation (p. 547). 
but they do not exhibit the same degree of solubility ^ ; moreover, the 
latter property varies with the different polymorphic modifications of 
the same salt. 

Sometimes, as has been already mentioned (p. 537) the salts 
do not crystallise out from the solution in the pure form, but as 
isomorphous mixtures. Here the rule holds good that the solubility 
of each molecular species in a mixture is always smaller than for the 
particular species when alone. 

Normal and Abnormal Reactions.^ — The preceding <levclop- 
ments now show us, at the same time, the reason for a fact which has 
long been known, namely that the reactions of inorganic chemistry, 
i.e. of salt solutions, are chanveterised by great similarity in cbissifica- 
tion. Thus, as is well known, we have so-ailled typical reactions, 
for most radicals : thus all acids colour litmus red \ all bases colour 
litmus blue ; all chlorides are precipitated by silver salts.’^ Tlicsc facts 
are necessary results of the dissociation hypothesis of electrolytes. 
All acids contain the same hydrogen ion ; all bases the same hydroxyl 
ion, all chlorides the same chlorine ion, etc. ; and the reactions which 
are typical for the classes of substances collectively arc the sj)ecific 
reactions of the ion common to them. Thus the behaviour f)f 

^ F. Kohlraiisch lias published the solubilities of a large luinibcT of salts in ^rifachr. 
phys. Ch^m. 44. 197 (1903). 

* 2 Ostwahh Zeihehr. phys. Ch^m. 3. 696 (1889). 

^ Ibid., see also the work quote<l on p. 569 by the same author, written in a more 
popular form, and more suitable for b^iunera. 
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dertrolf/tes regarding their reaction capacity, as also regarding their 
other properties, is dearly additive. 

Of course it is not necessary for all electrolytes containing a parti- 
cular radical! to exhibit the reactions which are typical for this radical ; 
they raasit do so only when the radical is contained as a free ion. Thus 
sodium acetate [CH., . CO^jNa] does not exhibit the reactions of 
hydrogen ions, because the hydrogen is not contained as free ions, but 
exists in the solution, combined with the negative complex of the salt. 

Potassium platinic chloride [K^PtCl^j] and sodium mono-chlor- 
aceUite |(H1.^CI . CO^. Na] do not show the reactions which are typiciil 
for chlorine, because the chlorine does not exist there as the free 
ion, but rather associated with the respective complexes PtCl^ and 
Cllgf'l . CO2. In this way the contrast between the so-called luyinial and 
the ahiyyrmal readiom of certain radicals is explained. The abnormal 
reactions are those of the new-formed ion complex. 

It has already been remarked that potassium bromide can take up 
bromine forming the salt KBi^; the solubility of iodine in a solution 
of liotassium iodide is explained in the same way by formation of 

potassium tri-iodide, that is, the complex ion I3 is formed according to 
the e(iuation 

I + l2 = i3i 

ammonia forms a new complex with silver ions,^ 

potJissium cyanide can take up silver ions to a largo extent ; a complex 
ion is formed according to the equation 

+ “ — 

Ag + 2Cy - AgCy.j. 

Naturally these complex ions are more or less dissociated into 
other components and all possible steps are found. The ion I3 also is 
strongly dissociated, the solution of potassium tri-iodide therefore acts 
like a solution of free iodine. The ion (NlQ^Ag is not so strongly 
dissociated ; for a solution of silver nitrate which contains ammonia 
gives no precipibite of silver chloride on addition of a chloride, that 
is, the concentration product of the silver ions x chlor-ions remains 
below the solubility product (10 “^^). But a precipitate is obtfiin- 
able on addition of an iodide, that is, the above ion dissociates 
sutliciontly to make the product cone, silver ions x iodine ions exceed 
the solubility product for silver iodide (about In the complex 

ion Ag(Cy)2 the silver is retained to an extraordinary extent since it 
is not precipitated even by addition of iodide ; sulphuretted hydrogen, 
however, precipitates it on account of the extreme insolubility of 
silver sulphide. 

1 BoUlander and Pittig, Zeitschr. phys. Chein. 39. 609 (1902). 
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In this way we obtain at the same time a strict classification of 
the double salts. The characteristic double salts are the isolated points 
in the series of mixtures, afforded by their components (p. 539). 
On solution they decompose almost completely into the single salts, 
and their ions therefore are simply those of their components. The 
subsUnces sometimes wrongly called “ double salts, such as K^PtCl,,, 
K^FeCy^. and the like, are to be regarded as entirely different ; those 
in solution conduct themselves as simple electrolytes^ since they afford 
oidy one electrically neutral molecide^ and exhibit only one series of ions. 
The substances last referred to are simple salts of hydro-chloro-platinic 
acid [H 2 PtClJ, and of hydro-ferro-cyanic acid [HgFeCy^j], etc., and 
therefore they contain no platinum ions, and no iron ions, etc., 
respectively. 

According to present experience the ions, since they have the character 
of saturated coinpoiinds (p. 430) possess in a high degree tlie capacity for 
forming molecular compounds. 

The systematic study of complex ions therefore promises to throw new 
light on the nature of compounds which do not fall under the scheme of 
valency ; some rules on this subject have alreatly been given on p. 408. 

It must by no means therefore be assumecl that all chemical reactions 
are due to ions ; on the contrary every molecular species, ion, or electriailly 
neutral molecule, has its peculiar and typical reaction. Angeli and Bocris ^ 
have given a striking example of this. It is well known that an acpicous 
solution of ammonium nitrate decomposes on heating into water and nitrogen 
and the more readily the more concentrated it is ; in very dilute solutions 

where only the ions NH^ and NO.^ are present the reaction does not occur ; 
it must tlierefore be concluded that it is the undissociated molecule NH^NOg 
that is capable of the reaction 

NH^N02-N2+ 21120; 

the chemists mentioned have, in fact, shown that on addition of a s/vlt with 
a similar ion, for example ammonium chloride or sodium nitrite, the 
production of nitrogen is increased in consequence of the reduced electrolytic 
dissociation of the ammonium nitrite, whereas the siilts which have no ion in 
common with ammonium nitrite are inactive. In the same way it seems as 
if the oxidising action of nitric acid is exclusively or mainly due to the 

molecular species HNO 3 and depends little or not at all on the ions H + NO^. 

Formation and Solution of Precipitates. — Reactions causing 
precipitation are of exceptional importance in analytical chemistry ; 
the theory of the formation and solution of precipitates is indeed 
contained in the foregoing sections, but certain points of it may be 
put together here and illustrated by examples. 

A precipitate occurs (unless it is prevented by supersaturation) 
when an electrically neutral species of molecule exceeds the amount of 
1 Acad. Line. [1892] [6], 1. II. 70. 
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it» solubility product (p. 577); it goes into solution again when the 
product of the ionic concentrations is reduced below the solubility 
level. 

The latter can only occur when one or more of the ions concerned 
are taken up by other molecular species, either neutral or ionised. 
Tlie following cases arise : — 

1. The precipitate to bo dissolved is an acid\ then one of the ions, 
namely the hydrogen ion, can be removed very completely by addition 
of a l>ase whose hydroxyl ions combine with it to form water. If the 
substance to be dissolved is a base it may be similarly dissolved in 
acid. (For example, benzoic acid dissolves easily in caustic soda, lime 
in hydrochloric acid, etc.) 

If ill thene cases the acid or the Ijase or })oth are very weak the solvent 
action is reduce^l by hydrolysis ; in this way, as was shown by Liiwenher/,^ 
the dissociation of extremely weak acids and Ijases can be ineasund. 

It may be. foreseen that in certain cases the water itsedf, in consequence 
of ilB ionisation, will alter the soliihility, namely when the substance to he 
dissolved is hydrolyticjilly dinsociated. Thus, if the insoluble hariuni 
airbonate is brought into contact with water, tlic hydrogen ions of the water 
c.oml)ino with the CO., ions to make the very slightly di8.sociated com]K)und 
1100.,, an<l the concimtratiou of the hydroxyl ions i.s accoidingly mised a 
c()rres])onding amount (si^e also ]). 580). 

2. Addition of hydrogen or hydroxyl ions may, however, occur in 
the two preceding cases by means of the salts of other weak acids 
{f.g, acetic acid) or a very weak base {e.g. ammonia). Examples : the 
eciuatiou 

[Ca] [0IJ]2 = const. 

holds for the solubility of calcium hydroxide, but in presence of 
ammonium ions a large addition of hydroxyl ions occurs, since the 
very slightly dissociated ammonium hydroxide is formed.^ In the 
same way the relatively largo solubility of magnesium liydroxide in 
ammonium salts is explained, as well as the fact that magnesium salts 
are either not at all or incompletely precipitated by ammonia.^ 

3. If the precipiUto to be dissolved is the salt of a weak acid its 
anions can l)e largely combined with hydrogen ions ; example : silver 
acetate dissolves in acids. In the same way salts of weak bases are 
dissolved by strong bases. 

4. Very often the precipitate dissolves in consequence of the 
formation of complex ions. Example : silver chloride dissolves in 
potassium cyanide (p. 582), etc. 

It is obvious that the same reagents that dissolve a precipitate 
prevent its precipitation when they are added before that takes place. 

^ Xeitschr. phya. Vhem. 25 . 385 (1899). 

* by Noyes nnd Chapin, ibid. 28 . 618 (1899). 

* Seo also the thorough investigation by J. M. Loveu, Zeitschr. anorg. Chem. 11, 
404(1896). 
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Distribution of an Electrolyte between Water and a 
Second Phase. — This is a case of the general law of distribution 
(p. 527), but it must be noted that the ions cannot be separated in 
appreciable quantity by partition, any more than in diffusion (p. 399). 

The simplest method of treatment is to regard the concentration 
of the electrically neutral molecules as proportional in the two phases, 
Since also the concentration of the free ions in the gaseous space or 
in a solvent that will not mix with water is negligible, it follows that 
the ions must pass over practically completely into the water. 

This may be illustrated by some examples (see also the table on 
p. 529). The partial pressure of hydrochloric acid over its water 
solution is simply proportional to the number of its undissociated 
molecules contained in the solution. 

If an electrolyte divides itself between water and ether, there 
must be a proportionality between the electrically neutral molecules 
in the water and the concentration in the ether. Now the number 
of electrically neutral molecules in water decreases with increasing 
dilution much more quickly than proportionally to the concentration ; 
and therefore, at slight concentration, both the vapour pressures of 
electrolytes, and also their solubilities in another solvent, wliich is in 
contact with water solution, will be very small. 

Thus, e.y., it is possible to distil pure water off from a dilute 
solution of hydrochloric acid. 

If one tries to ‘‘shake out” wdth benzene a sufficiently dilute 
water solution of an organic acid, then only the slightest traces of the 
acid will go over to the benzene, even though it is much more soluble 
in benzene than in water. 

Hydrocyanic acid which is very slightly dissociated is much more 
volatile ; even dilute solutions show its characteristic smell, so do 
solutions of the salts of this acid, since according to p. 568, they are 
markedly hydrolysed, i.e. contain free hydrocyanic acid. 

The following table given by Kuriloif (p. 543) shows the partition of 
picric acid (wliich is strongly dissociated in atpieous solution) betw<H*n 
benzene and water; Cj and c^ are the concentrations (normalities) in the 
two solvents, a the degree of electrolytic dissociation. 


c,. 

C‘2- 

‘*2* 

a. 

c.;d-a)- 

0-09401 

0-02609 

3-6 

0-9027 

38 

0-0779 

0-02080 

3-7 

0-9104 

41 

0-06339 

0-01963 

3-2 

0-9138 

37 

0*06184 

0*01882 

3*3 

0-9164 

39 

0-0359 

0-01320 

2-7 

0-93.53 

42 

0*01977 

0-00973 

2*0 

0-9463 

38 




Mean . 

39 
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Thus, although the undissociated molecules of picric acid are thirty-nine 
times as soluble in benzene as in water, it would pass over almost completely 
into water at great dilutions. 

Tlie aise of j)artition of ions between a liquid and a metallic phase 
occurs, e.y.y on shaking mercury with dilute silver nitrate solution ; m^cury 
ions pass to a certain extent into solution with precipitation of silver. The 
equilibrium can be treated by means of the law of mass-action (see the 
interesting study by Ogg, JHssertatioyi, Giittingen, 1 898 ; Zeits. phys. Chem. 
27. 285 (1898)). 

The exceptional j)osition of water as a solvent which is shqAvn by 
its property of dissociating dissolved substances electrolytically, and 
thus giving them unusual capacity for reaction, appears now in a 
new light. Closely connected with the above properties is the 
marked way in which water, in contact with other solvents, retains 
the last portions of dissolved substances. Of equal importance with 
the capacity which water possesses to an unusual degree, of dissociat- 
ing dissolved substances, is the extr'uordiiiarily great solubility of ions 
in water. 



CHAPTER V 


CHEMIC^AL KINETICS 

General Observations. — As has been previously emphasised, the 
hypothesis of Guldberg and Waage is the fundamental law of 
chemical kinetics. According to this law, the total progress of a 
reaction occurring in a homogeneous sgdeniy is determined by the differ- 
ence between the two velocities with which the decomposition 
advances from left to right, and conversely from right to left, in the 
sense of the reaction equation. 

Therefore at every instant the velocity of a reaction, i.r. the 
quantity changed in unit time, in the sense of the reaction from left 
to right, is given by the velocity constant of the change from left to 
right, multiplied by the active masses of the molecular species standing 
on the left side of the equation, diminished by the velocity constant 
of the change from right to left, multiplied by the active masses of 
the molecular species standing on the right side of the equation. 

Thus, e,g.^ if a homogeneous reaction takes place according to the 
simple scheme — 

A^ 4- A., ~ A^ + Ag , 

and if c^, c.^, and c^', Cg' are respectively the concentrations of the 
four reacting molecular species Aj, Ag, and A^', Ag' ; and also if dc^ 
denotes the diminution which Cj will experience in the moment of 
time dt, where of course the diminution of Cg is of the same amount, 
— then the reaction velocity at every moment will be 

dc 

_ ”^1 ~lro c ~ k C C ' 

where k and k' respectively are the velocity coefficients of the two 
opposed reactions. If a substance participates in the reaction with n 
molecules instead of with one, then of course c” will appear in the 
equation instead of c. 

Now the velocity coefficients are constant at constant tempera- 
ture ; but without exception they increase very strongly with rising 
temperature. Therefore the application of the fundamental equation 

687 
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preceding is permissible only when the reaction pi'ogresses isotherrmlly, i.e., 
only when there is no change of the temperature of the system^ caused for 
example by heat, developed or absorbed, in the course of the reaction. 

Now for the time when t = 0, let the respective concentrations of the 
four substances be a^, a/, and ; and in the time t let the quantity 
of the substance decomposed be x g.-mol, and accordingly the same 
amount of ag. Thus the preceding equation will be written — 

^ = k(!i, - x)(a 2 - x) - k'(a,' + x)(ii/ + x) ; 

then by knowiiig k and k', and remembering the preliminary con- 
dition that, when t = 0, then also x = 0, we can, by integration, 
obtain a complete description of the course of the reaction ; and the 
result is similar when the course of the reaction is given by an 
etpiation involving any arbitrary number of reacting molecular species. 

The ascertaining of the concentrations in the state of equilibrium 



as was thoroughly demonstrated in the second chapter of this book, 
gives the ratio of the two velocity CMstants. 

These relations are much simpler when the reaction advances 
almost completely in one direction in the sense of the equation, e.g., 
from loft to right; this is true of most of the reactions thus far 
investigated. This means that one of the two partial reaction-velocities 
is very great as compared with the other ; or that k is very large as 
compared with k'. In this case, the right side of the differential 
eciuation reduces to the positive term, and the reaction velocity at 
every moment is obtained as proportional simply to the product of the 
active masses of the molecular species stcinding on the left side of the 
reaction equation. 

In all cases, the integration of the differential equation of the 
chemical change gives the result that, strictly speaking, the equi- 
librium would be reached only after an infinitely long time, i,e.-~ 


only when t - oo . 

According to this, a chemical system, like a pendulum which is 
highly damped, tends towards an “ aperiodic ” condition of equilibrium. 
An “ over shooting of the mark ” is incompatible with all our views of 
chemical processes. This would mean that, under certain circumstances 
the sense of the reaction would dejiend upon the pxvious histoi'y of the 
system ; i.e, that in two solutions which are absolutely identical, the 
same reaction might progress in opposite directions, the reaction in 
one solution approaching one state of equilibrium, while the reaction 
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in the other solution would shoot over towards the other state. As a 
matter of fact, such has certainly never been observed. 


The Inversion of Sugar. — Cane sugar in water solution in the 
presence of acids is practically completely decomposed into dextrose 
and levulose. The process fidvances so slowly that it can bo 
followed by easy mejisurement ; the progress of the reaction can be 
traced very easily and very sharply by polarimetric analysis. The 
part not inverted turns the plane of polarised light to the right, 
while the mixture of the products of inversion is laevo-rotatory. 

Let denote the (positive) rotatory angle at the time t ' 0, 
which corresponds to an original <piantity of sugar a ; let denote 
the (negative) rottitory angle after complete inversion ; and let a be 
that actually observed after the time t. Then, since all substances 
rotate the plane in proportion to their concentration, we havc^ 


When the time t = 0, then a = a^, ie, x ^ 0. When the time t - oo , 
after complete invei’sion, then a - - i.r. x = a. 

The progress of the inversion of sugar has been investigated by a 
great number of observers, including Wilhelmy (1850), I^owonthal and 
Lenssen (1862), Fleury (1876), Ostwald (1884), Urcch (1884), Spohr 
(1885, 1886, and 1888), Arrhenius (1889), Trevor (1892), and 
others. Therefore, as it plays a very important rok in the liistory of 
the doctrine of affinity, a somewhat detailed description is justified. 

Corrcsi)onding to its progress according to the eijuation 

+ 20 , 11 , 20 ^ 


the law of mass-action shows that f/tr vdonty (tf the imermn at every 
'moment u pi'ojwrtional to the prtxluct of the concentratimu^ of the water avd 
of the cane sugar ; or since the water is usually present in large excess, 
and suffers only a very slight change in concentration during the 
course of the reaction, thmfm'e the velocity must he jyroimtioml simply to 
the, concentration of the sugar itself. That is 



x); 


at the start we have t - 0, and x = 0 ; k denotes the coefficient of inversion. 
Then by integration, we obtain 

- ln(a - x) = kt + const. ; 

and as the original condition 

- In a = const. ; 
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from this we obtain 


k = !|n * 

t a - X 


t a + 


This e({uation was discovered, and proved experi men tolly, by 
Wilhelmy, ])efore the law of mass-action was advanced. In fact it 
is an assumption which follows almost directly from the preceding 
equation, to suppose that a emutant fradion of the sugar is inmied at 
fvmj worn flit of tivie. The simple meaning of the inversion coefficient 
is, that its reciprocal value multiplied by ln2 gives the time required 
for the inversion of half of the totol quantity, as is seen at once if we write 


X = 


a 

2 * 


How well the results of the preceding equation coincide with 
those of' experiment, is shown by the following table for the inversion 
of a 20 per cent solution of cane sugar in the presence of a 0*5 normal 
solution of lactic acid, and at a temperature of 25^": 




a 

t- (in iiiiimteHX 

a. 


0 

34*50“ 


1435 

31*10 

0*2348 

4315 

26-00 

0*2359 

7070 

20*16 

0*2343 

11360 

13 '98 

0*2310 

14170 

10*61 

0*2301 

16935 

7*57 

0**2316 

19815 

6*08 

0*2*291 

29925 

-1*65 

0*2330 

OO 

- 10*77 

— 



Mean 0*2328 


As wo are concerned only with the proof of the romtaueg of the 
expression given in the third column, wo can of course introduce 
ordinary logarithms instead of natural logarithms. 

The Oataljrtic Action of Hydrogen Ions. — The inversion of 
sugar proceeds with marked velocity only in the presence of an acid 
the quantity of which remains unchanged during the reaction ; such 
roiictions as this have been already called “ caialytieJ’ 

The ultimate explanation of the preceding case is still unknown to 
us ; but nevertheless some very remarkable results have been obtained 
regarding the regularity of behaviour which obtains here. Arrhenius ^ 

^ Xeitsekr, phys, Chttn. 4 . 226 (1889). 
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succeeded in grouping in one simple orderly arrangement all the 
abundant material observed concerning this reaction. As the method 
which he pursued is typical, and as it has led and will ahvays lead to 
important results in similar cases, we will discuss briefly the results 
of experiments on the dependence of the inversion coefficients upon 
the nature of the acids and salts wdiich may be present, and their 
theoretical significance. 

The following phenomena were empirically discovered by the study 
of the question of the variation of the velocity of inversion, witli 
the concentration^ with the nature of the acid, and in the presence of 
neutral salts.. 

The more concentrated the acid, the more (piickly is the sugar 
inverted, although this does not take place in an exact proportion. 

In the case of the stronger acids^ the inverting action occurs some- 
what more quickly than in proportion to the amount contained, and the 
converse of this is true in the case of the weaker acids. 

The velocity of the inversion varies very greatly with the nature of 
the acid. Thus the strong mineral aciils affect the inversion most 
quickly, and with about the same degree of rapidity ; while the fatty 
acids, e.g., exert an inverting action which is much weaker. 

In the following table are given some of the results obUined 
by Ostwald at 25^^, with an acid concentration of 0*5 normal. The 
figures refer to 1 *000 for hydrochloric acid, and are well suited to give 
a good impression of the variability of the inversion coefficients : 


Hydrochloric acid . . . 1*000 

Nitric . . . 1*000 

Chloric . . . l*OJ55 

Sulphuric . . . 0*536 

Benzeiie-sul phonic acid . . 1*044 


Tri-chlor-acotic acid 

. 0*754 

Di'chlor-acotic ,, 

. 0*271 

Mono-clilor-acctic ,, 

. 0*0484 

Formic ,, 

. 0*0153 

Acftic , , 

. 0*0040 


The influence of neutral salts is very remarkable. In the pi'csence 
of an equivalent quantity of the potassium salt of the respective acid, 
the inversion velocity is increased about 10 per cent in the case of 
the stronger acids ; but in the case of acids weaker than tri-chlor-acetic 
acid, the action is diminished, and that the more as the acid is weaker. 

In the case of acetic acid this depressing action is perfectly 
enormous : thus as a result of the presence of an equivalent quantity 
of the neutral salt, the inversion velocity sank to of its original 
value. ^ 

The addition of non-electrolytes, in quantities which are not too 
great, exerts no marked effect. 

In order to obtain a general view of these relations which at first 
sight do not seem to be simple, we will notice at once that it is 
all the acids, hut only the acids, which exhibit the characteristic capacity 
of inverting sugar — i.e. here we are concerned with a specific action 
of the free hydrogen ions ; for it is in aqueous solutions of acids, and 

' Spohr, J. pr. Chem. [2], 32. 32 (1886). 
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in these alone, th^t free hydrogen ions are contained. Now if these 
hydrogen ions are the actual catalytic agents, then, according to the 
law of mass-action, it would be expected that the catalytic action of 
the acids would be respectively proportional to the number of their 
hydrogen ions, Le, an acid should invert the more strongly accordingly 
as it is more highly dissociated electrolytically. This anticipation is 
found to be completely verified in the results of the preceding table, 
when, the (wids are arranged in the same relative order of succession as that 
required hj their respective degrees of electrolytic dissociation. 

But we find only an approximate numerical proportionality 
between the quantity of the hydrogen ions and the inversion velocity ; 
this can be seen from the fact that the inversion velocity increases 
more quickly than in proportion to the acid concentration ; w'hile the 
reverse is the case with the hydrogen ions, according to the laws of 
dissociation. Thus a 0*5 normal solution of HCl inverts 6*07 times 
more quickly than a 0*1 normal, although the former contains only 
about 4*64 times as many hydrogen ions as the latten 

There is thus a second action of importance : this was formulated 
by Arrhenius as follows : — 

The catalytic activity of hydrogen ions is greatly stimulated hy the presence 
of other ions. 

This phenomenon which is still rather puzzling from a theoretical 
standpoint, explains why the inversion velocity of strong acids 
increases more quickly than in proportion to their concentration, 
because the (piantity of the free negative ions, which increases with 
increasing concentration, stimulates the activity of the hydrogen ions : 
it also explains the observed increase of the inverting action of a 
strong acid in presence of its neutral salt. 

Nevertheless, although this action of the dissociated part of the 
neutral salt is very interesting, yet it has rather the character of a side 
reaction of secondary nature. The action of the hydrogen ions is 
much more distinct, and their inverting action on a solution con- 
stitutes a very delicate reaction for the presence of hydrogen ions.^ 
Now we have with weak acids a simple means for repressing the 
dissociation to any desired extent, and thus at the same time for 
diminishing the quantity of free hydrogen ions to any desired degree. 
According to the laws of dissociation, which were thoroughly discussed 
on p. 551, the dissociation is diminished by the addition of one of 
the dissociation products, to an extent which can be easily calculated. 
In fact (see above) the researches have always shown a truly enor- 
mous diminution of the inversion velocity of the weaker acids in the 
presence of their neutral sodium salts ; and Arrhenius, by a considera- 
tion of their side reactions, which are not altogether simple, succeeded 

* As shown by Trevor {Zeitschr, phys, Che.m, 10. 321, 1892), this reaction can be 
employed at quite high temperatures (100''), where the inversion velocity is much greater, 
in order to detect very small quantities of hydrogen ions. 
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in showing that the quantitative relaiwna are, in fact, those required 
by theory. 

Of course dissociation is diminished, although only slightly, also 
in the* ciise of the stronger acids, as HCl, on the addition of 
another chloride ; and we should therefore expect a slight decrease in 
the velocity. The contrary fact, that there is a not inconsiderable 
increase of reaction velocity, is explained by the fact that the retro- 
grade action is more than counterbalanced hy tlm intiuence of the 
neutral salt, as mentioned above. 

A very exact investigation by W. Palniaer * lias yieldetl the important 
result that in very dilute solutions, in whh h there is no longer the action of 
neutral sidts referred to above, the rate of inveivion is directly proportional 
to the concentration of the hydrogen ions. If concentrated solutions of cane 
sugar are used, the velocity coetHcient k increas(*s considerably witli the 
concentration of the sugar, though it sliould remain constant according to the 
theory. As E. Cohen has shown, this phenomenon indicates that the volume 
of the reaction is reduced, hence the number of collisions l)t‘twcen the 
molecules of caue. sugar and the hydiogen ions is increased, Giusing an 
increase in the velocity of re^iction.- 

Agaiu the decrease in the nmlf notation of the sugars with time ]»i*oceeds 
aceoiding to the. formula for unimolecnlar reactions ; addition of sidts usually 
accelerates this, hydrogen ions act more strongly, hut hydroxyl ions act 
markedly loo.^ 


The Catalysis of Esters. — A phenomenon, which in many 
respects is very closely related to sugar inversion, is the catiilysis of 
the esters, i.e. the accelerating influence of the jirescnco of acids on 
the decomposition of an ester in dilute water solution, into the 
corresponding alcohol and the corresponding acid. 

According to the discussion on p. 494 rt serj., as a result of the 
mass-action, the saponification will bo complete in the presence of a 
large excess of water ; and therefore wo obtain, as the eoettieient of 
the velocity with which the ester and water unite to form alcohol and 
acid, the sinne equation as in the cjiso of sugar inversion : 


k = 



provided that in neither case the concentration of tlie water suflers 
a marked change ; and also provided that by a we understand the 
quantity of the substance present when the time t = 0; and by x, the 
quantity of substance changed in the time t. 

A simple titration shows the progress of the reaction. The velocity 

» Zeifschr. phys. Chem. 22. 492 (184). 2 23. 442 (1897). 

^ See the works of P, Th. Miillur (1894), Levy (1895), Trey (1896), also the mono- 
graph mentioned on p. 362, hy Lanclolt (p. 238 et sef/.), and especially Osaka, Zeitschr, 
phys. Chem. 36. 661 (1900). The rotation of milk sugar ia diHcussed below. 

2 Q 



594 


THEORETICAL CHEMISTRY 


BK. HI 


of the decomposition at ordinary temperatures is extremely small ; but 
it is very greatly accelerated by the presence of an acid, although this 
acid may not participate noticeably in the reaction. As was similarly 
true of sugar inversion, we can arrange the very abundant and also 
apparently very complicated material here observed, for which we are 
indebted to Ostwald,^ in a clear way, under the following simple 
principles : 

1. The velocity with which the ester is saponified is at every 
moment proportional to its concentration, ie. the velocity coefficient 
remains constant, in the sense of the Giildberg-Waage theory. 

2. The catalytic action of an acid increases with the degree of its 
dissociation, and the velocity coefficient is approximately proportional 
to the number of hydrogen ions. 

3. In a secondary way the catalytic activity of the hydrogen ions 
is considerably increased by the presence of neutral salts. 

The measurement of the velocity of the decomposition of esters thus 
furnishes a method for determining the number of hydrogen ions in a 
solution. This method was applied by Walker (p. 568) in a very 
ingenious way to investigate the hy dr dy tic dissociation^' of salts: their 
respective magnitudes could be ascertained by measuring the velocity 
with which the methyl acetate added to the solution was catalysed ; 
and this formed a measure of the quantity of the free acid separatecl 
from the salt, and thus enabled the strength of the base of the 
respective salt (a chloride) to be estimated at least approximately. 

According to the extensive investigations of B. Lowenherz,^ the rate of 
saponification of various esters by the hydrogen ions is nearly independent 
of the nature of the alcohol contained in the ester, but depends largely on 
the nature of the acid contained. The behaviour of saliciiie towards acids is 
similar to that of cane sugar ; it decomposes into dextrose and saligenin with 
separation of a molecule of water. ^ 

Formation of Sulphuretted Hydrogen from its Elements. — 

There js only a very small number of reactions occurring in the 
gaseous state which are free from secondary disturbances, such as 
chemical action or absorption by the walls of the vessel ; and their 
experimental treatment mostly meets with very gi’eat difficulties. 
Bodenstein'* has recently done a great service in systematically 
studying gas reactions from the point of view of chemical kinetics, 
and after discovering a series of sources of eiTor has w’^orked out 
exact methods for it. 

He showed amongst other things that with a sufficient excess of 

^ J. pr. aiem. [2]. 28 . 449 (1883) ; see also Trey, ibid. [2], 34 . 353 (1886). 

Xeitschr. phys. (jhem. 15 . 389 (1894). 

» A. A. Noyes and W. J. Hall, ibid. 18 . 240 (1896). 

* Gas reactions in chemical kinetics, ibid. 29 . 147, 296, 316, 429, 665 ; 30 . 113 
(1899). 
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sulphur the formation of sulphuretted hydrogen occurs according to 
the formula 

^^ = k(a-x). 

where a - x is the amount of hydrogen present at the time t. The 
sulphur, which occurs as a liquid, evaporates fast enough for its active 
mass (like that of water in the preceding example) to remain 
practically constant. 

It is noteworthy that catalytic influences very often occur in gas 
reactions ; thus the formation of seleninretted hydrogen, which is also 
unimolecular, is mainly influenced by the catalytic action of solid 
selenium. 

Unimolecular Reactions. — The same formula for the velocity 
coefficient, and the same course of the reaction which we met in the 
case of the inversion of sugar, we find in all cases where the system suffers 
an essential change of concentration as a result of the change of only one 
molecular species. 

Thus, according to researches conducted by Harcourt and Esson as 
early as 1865, potassium permanganate, by oxidising a large excess of 
oxalic acid, which is added, disappears according to the logarithmic 
formula. 

According to the researches of van ^t Hoff,^ the same is true of the 
splitting of di-brom-sucpinic acid into brom-maleic acid and hydro- 
bromic acid ; and also for the decomposition of mono-chlor-acetic acid 
into glycolic acid and hydrochloric acid, etc. 

Following the usage of van ^t Hoff, we will call reactions of this 
sort unimolecular ; their course always corresponds to the differential 
equation, 

5 | = k(a-x). 

In an analogous way, wo will call those reactions, in the course of 
which there is a change in the concentration of n molecular species, 
n-molecular reactions. 

Bimolecular Reactions — The Saponification of Esters. — 

The classical example of this case, where the concentrations of two 
molecular species are considerably changed in the course of the re- 
action, is the saponification of esters. By bringing together a base with 
an ester in water solution, there are formed gradually the corre- 
sponding alcohol, and the salt from the positive ingredient of the 
base and the negative ingi’edient of the ester: the reaction ttikes 
place according to the scheme — 

^ itudes de dynamique chimiqne (Amstordam, 1884), pp. 13 and 113. 
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CHjCf)OC.,H, + NaOH = CH.,COONa + C^HjOH 

Ethyl acetate. Sfaliiim SotUiirii acetate. Ethyl alcohol. 

liy(lroxi4«‘. 

I^et a and b represent the original concentrations of the base and 
of the ester respectively ; and let x be the (piantity of the ester 
changed after the time t ; this can be easily and sharply determined 
by the titration of the <jnantity of the base yet remaining. Thus the 
reaction velocity for every moment is given by the equation, 

*|^ = k(a-x)(b-x), 

or rearranged, 


dx / 1 
a - bVb " X 


The integral of this c(iuation is 



- kdt. 


I 

a “ bi 


^In (b - x) ~ In (a - x)J ~kt 


f const. : 


and, since x 0 when t = (), we have 


Aj-^(ln b-Ina) 


= const. ; 


from which wo finally obtain, by subtraction, 
k- * 

(a-b)t (b-x)a 

Saponification was first studied from the standpoint of the law of 
mass-action, by Warder ; ‘ and later. and more thoroughly by van ’t 
Hotr,” Reicher,’* OstwahV Arrhenius,^ Spohr,^ and others. 

It appcNirs that the j)recoding formula harmonises excellently with 
the values obtained for the stronger bases. Thus the following results 
were obtained for the action of sodium hf/droxidey which was present 
in slight excess, on rthf^l acetate at 10 ; the basic [alkaline] titration 
of the reaction mixture, denoted by c, corresponded as follows to the 
respective times t, counted in minutes. 


t i 

1 r(Utmt). ] k. 

0 

01*95 j 

4 -80 

50*59 i ‘2*ac> 

1087 

42*40 ! 2*38 

‘28*18 

•29 *35 ! 2*33 

00 

14*92 1 


» tkr. 14. i:un {m\). Jilt inks, p. 107. 

Lieh. Ann. 128. 2r»7 (lS8r>). ■* J. pr. Chem. 35. 11*2 (1887). 

« Chan. 1. 110 (1887). ** JhUt, 2. 194 (1888). 
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The figures under c denote the number of e.c. of a normal 

acid solution required to neutralise 100 c.c. of the reaction mixture : in 
order to reduce these figures to our customary sUmdard of concentra- 
tion, g.-mol per litre, we must multiply them by ^ 

Now the quantities a, b, and x in the preceding formula of course 
correspond: a to the original titration 61*95; b to the original 
titration minus the final one, ie. 61*95 ~ 14*9*2 = 47*03 ; and x to 
61*95 - c. The fofmula then becomes 

*2*303 . 2326 c. 47*03 

^ “ 1 4*9*2 . t 6 1 *95(c -- 1 4 *92)’ 

The factor 2*303 reduces the natural logarithms to ordinary 
logarithms. The values for k, given in the third column of the pre- 
ceding table, vary about a mean value, withiii the limits of error of 
experiment. The significance of k, considering the fact that the time 
has been estimated in minutes and the concentration in g.-mol per 
litre, is as follows : 

It denoted the tonnher of ij.-nnd of thi enter whieh would he naponified 
in a minute^ if I of enter und 1 (j.-inol if nodiuin hydro/ide nhouhl 

react on each other in 1 /?7/r, and prorufed that ane had an apparatun which 
would constantly remore the rennltimj reaction products from the nffstem, and 
as constantly renew the correspondimj ipiantities of bane and of u ndecom posed, 
ester. 

If equivalent quantities of ester and of base act tm each other, then 
the reaction velocity at each moment will be simply 

dx , 

which, when integrated, becomes 

k= . 

t(a - x)a 

The question regarding the rariation of the reaction relocity with the 
nature of the ester awl of the bane has been systematically irivestigatcMl 
by Reicher ; his results were as follows : 

1. The sfiponification of methyl acetate at 9*4^, by the various 
bases. 



k. 



! k. 

Sodium hydroxide 

2'aor 

Strontium hydroxide . 


2-204 

1 

1 Potassium .. 

2-298 

Barium ,, 


2-144 

j Calcium 

2-285 

Ammonium 


0-011 
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2. The Hfiponificiition of the acetic acid esters of the various 
alcohols, l)y means of sodium hydroxide at 9*4^ 



k. 

k. 

Methyl alcohol . 

:j*493 Iso-butyl alcohol 

1*618 

1 Kthyl ,, 

2*307 Lso-amyl . 

1*645 

1 IVopyl „ . . . 

1 *920 


'Fhe saponification 

of the ethyl esters of different 

acids, by 

means of sodium hydroxid 

e at 14*4^ 



k. j 

Tr" 

Acetic*. Hcid 

3*204 ’ Iso-butyric acid . 

1*731 

Propionic acid 

2*816 1 Iso-valeric . 

0*614 

butyric acid 

1*702 , Benzoic . 

0*830 


I'hus it appears that the strong bases possess a reaction velocity 
which is about the same ; and that as regards the esters, on the whole, 
their reaction volo(uty is the smaller the great(*r the number of atoms 
contained. 

The numbers also show that the nature of alcohol contained in the 
ester is of less iniluence than that of the acid ; this result has come 
out oven more strongly in rcccTit researches.^ 

The injluenre of ihe inilnre of the base was afterwards very thoroughly 
investigated by Ostwald, in all the gradations between sodium and 
potassium hydroxide (which operate most quickly), and ammonia and 
allybamine (which operate very slowly), and he observed a rcmai’kable 
plumomenon. In the case of the weak bases the preceding formula 
fails utterly ; thus in the sapoaijieation of ethyl acetate by ammonia^ for 
the times (t), he found the following corresponding velocity coefficients, 
whi(‘h are not directly comparable with the preceding ones. 

t k 

0 

60 1 -64 

240 1*04 

1470 0*184 

These values of k are by no means constant. Ostwald found as 
the reiison for this that the neutral salt produced (ammonium acetate) 
exerted a very stroiuj effect in hindering the progress of the reaction^ which 
explains the extreme retardation of the .siiponification. 

* llenipiiniie, Zcitschr. i>hys, Clwm, ift, r>61 (1894) ; Lowenherz, ibid. 16, 395 (1894). 
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Thus in the saponijication of eihfl acetate, when an equivalent 
quantity of ammonium acetate was added at the outset in addition to 
the ammonia, the other conditions of the experiment being unchanged, 
the following values were found : — 

t k 

0 

o*i3S 

t>874 0-120 

i:»404 o-no 


As a result of the addition of the neutral salt of ammonium, the 
reaction velocity becomes considerably smaller, but at the same time 
the velocity coefficient becomes much more constant ; the latter fact 
is explained by the circumstance that the concentration of the ammonium 
acetate changes, relatively, much less during the course of the reaction. 

This remarkable influence, which is exerted by the presence of 
neutral salts, was afterwards investigated by Arrhenius, who, on the 
basis of very abundant material of observation, succeeded in establish- 
ing the following propositions ; 

1. The saponification velocity of the stronger bases at great dilu- 
tion is only slightly changed (less than I per cent) by the presence of 
neutral salts. 

2, The saponification velocity of ammonia is exceedingly diminishe<l 
by the presence of ammonium salts ; and, moreover, ecpiivalent 
quantities of different salts exert nearly the same effect. 

Thus the relation between the velocity coefficient k of tlie action 
of a normal solution of ammonia on the equivalent (juantity of 
ethyl acetate, and the (juantity S of any selected ammonium salt of 
a mono-basic acid, may be expressed by means of the following 
formula, which is purely empirical, and refers to a temperature 
of 24*7 : 


01 7)01 

1 124 IS 1 141 as-’ 


The Theory of Saponification. — The relations desci ibed above, 
which seemed at first to be very puzzling, are now shown to be a 
neressartj result of the law of mass-adion, on the assumption of the theory 
of elertrolyiic dissociation. 

If we consider the process of saponification in the light of this 
theory, it appears to consist in the action of the hydroxyl ion.s uj)on 
the ester molecule, in the sense of the equation 

CH3C0.,C.,H, + Na + OH = CH3COO + Na + 
or more simply, 

CH 3 C 0 ,C,H, 4 OH = CH3COO f Cy l,OH. 

The positive ingiedient of the base thus i)lay8 a perfectly indifferent 
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rdlpJ Therefore bases dissociated to the same degree must exert 
effects (if the same degree of strength upon the ester ; in fact such is 
the case with sodium and potassium hydroxides. And the less the 
base is dissociated, the weaker is the action ; as, in fact, is shown by 
ammonia, or ammonium hydroxide rather, which is only very slightly 
ionised, and which accordingly saponifies with a corresponding slowness. 
Morc(iver, this is established in a very striking way by the investigations 
of Ostwald. 

Hence the active mass in the mechanism of the reaction corresponds^ not 
f(t the total (/iiantiti/ of the base introduced^ hut only to the quantity which is 
dissociated. 

'riius bit us denote the degree of the dissociation by then the 
formula previously used must be corrected to 

dt ' 

Xow the degre<i of dissociation of the base is given by its dissociation 
constant, by its concentration, and by the (piantity of neutral salt 
[)roduced from it. For the stronger bases (which are almost as highly 
dissociat<}d as the corresponding neutral salts produced from them in 
the reactions), a remains constant during the progress of the reaction. 
For in a mixUire of any two equally dissociatecl electrolytes having 
ions in common, at the same total concentration^ the dissociation is 
independent of their relative masses (p. 552), and the latter always 
remains constant dui ing the rciaction. Thus if we make 

k a = k, 

then the preceding e(|uation again assumes the original form, which 
harmonises with experiment. 

Hut the behaviour is <pute otherwise in the case of a base, the 
degree of dissociation of which is very different from that of the 
resulting salt, e.y. when the dissociation of the base is much weaker ; this 
is the case with ammonia and ammonium acetate. Thus it will result 
that the degree of dissociation of the base will be caused to retreat 
very much during the progress of the reaction, and therefore the 
saponification velocity must diminish much more quickly thati it should, 
if it corresponded to the diminution of the concentration during the 
loaction ; l)eoauso during the reaction there are produced a relatively 
largo number of ammonium ions. This in fact was found to be true, 
as above. In this w'ay also the restraining action of the original addi- 
tion of ammonium acetate is explained. 

Now by means of the saponification constants of potassium 
hydroxide, one may calculate tlio saponification constant of ammonium 

* We fm<l. therefore, Uiat sipouitication by barium hydroxide is not a trimoleenlar 

reaetiou (Ha(Oll)., f 1.-, - . , .), but bimolecular (OH { CHaa)..CoH 5 == . • .) 

as the above equation requires. 
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hydroxide in the presence of any. quantity of ammonium salts, in the 
following way.^ 

Tho saponification constant of potassium hydroxide at 2 1 *7 ', and 
at a concentration of 4 '^ normal, amounts to 6*41 on the scale pre- 
viously employed ; moreover, as shown by both theory and by ex^ieri- 
ment, it is almost independent of the concentration. The saponifica- 
tion constant of ammonium hydroxide at the same concentration, and 
with or without the presence of ammonium salts, according to theory, 
must be as much smaller as its dissociation under the same circumstances 
is less than that of potassium hydroxide, which latter substance, accord- 
ing to its conductivity, is dissociated into its ions to the extent of fi7*2 
per cent. But now the degree of dissociation of a normal solution 
of ammonium liydroxide, as calculated on the basis of its conductivity 
(p. 548), amounts to per cent ; and its degree of dissociation in the 
presence of a fiuantity S of a binary ammonium salt, — which we may 
reganl as being comjdetely dissociated at large dilution, as is the case 
here, — may be calculated without noticeable error by means of the 
following equations ; — these equations are obtaincil by a double applica- 
tion of the isotherm of dissociation, firstly to the pure ammonitim 
hydroxide, and secondly to that contiiining an ammonium salt, thus — 


/0-0209Y 

■> 

K 

1 - 0'02()!) 

V 40 / 

40 

a / a 

).K 

1 a 

' 40 V 40 ‘ / 

40 ^ 


here a denotes the degree of dissociation souglit, and K denotes the 
dissociation constant of ammonia. We thus find the saj>onific-ation 
velocity k, in the presence of the quantity S of a neutral salt, to be. 


k - 


a 

0*972 


6*41, 


and similarly for pure ammonia, 


k- 


0-()2(>9 

0*972 


0*41 


0*177. 


In the following Uible there arc given tho values of k, on the one 
hand the results being calculated in the way just indicate*!, and on 
the other hand the results being calculated according to the formula 
(p. 599), which was rriipirimlly deduced by Arrhenius; tho latter values 
of k may therefore be regarded as the immediate, expression of a 
direct observation. 


' Arrhonius, ZcUachr. phys. Chem. 2 . 281 (1888). 
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8. 

a . 

kCtela 

kObs . 

0 

a-69% 

0-177 

0*166 

0*00125 

1*21 

0*080 

0*062 

0*0060 

0*71 

0*047 

0*039 

0*0176 

0*118 

0*0078 

0*0081 

0*0260 

0*082 

0*0064 

0*0062 

0*0500 

0*042 i 

0*0028 

0*0033 


When one considers that the calculation employs as its basis the 
very much greater values of the saponification coefficients of potas- 
sium hydroxide, the coincidence between the last two columns is 
remarkable. 

Measurements of the velocity of saponification of dissolved esters is 
therefore a means for determining the quantity of hydroxyl ions present in 
a solution. Shields (p. 668) made use of this means in determining the 
hydrolysis of the salts of strong bases. E. Koelichen showed that the con- 
densation of acetone to di-acetone alcohol in aqueous solution is accelerated 
by hydroxyl ions and can therefore be used to determine their concentration 
quantitatively.^ 

Very remarkable results have been found by Wijs ^ in studying the rate 
of saponification of methyl acetate by pure water. This process clearly ucairs 
in the following way. If the ester is dissolved in pure water the saponify- 
ing action of its hydroxyl ions yields acetic acid and methyl alcoliol accerding 
to the equation : 


CH.COgCH.^ -f- OH - CH3COO CH3OH ; 

hence the number of hydroxyl ions is reduced, and that of the hydrogtui 
ions increased. But the hydrogen ions also possess the power of saponifying 
(p. 590), although to a much smaller degi*ee than the hydroxyl ions ; the 
comparison between the rate of saponification by acids and alkalis show that 
the former occurs about 1400 times as slowly as the latter. These considera- 
tions show that at first the rate of saponification in pure water of the 
dissolved methyl acetate must fall very rapidly on account of the reduction 
in the number of hydroxyl ions, but later, when much acetic acid has been 
formed, and the water Womes decidedly acid, it will increase again because 
the catalytic action of the hydrogen has reached a considerabh^ anioiint. 
Hence there must be a minimum of the velocity of saponifK^tion whose 
l)Osition can be calculated as follows. 

Let us suppose the experiment so carried out that the concentration of 
the ester is kept constant, then the velocity of inaction is 

-^ = k,[OH] + l4[H] . . . . (1) 

where kj and k« are the velocity coefficients for the saponification by 
hydroxyl and hy^d|gen ions respectively and for the constant concentration 
of the ester. 

* Zeitschr, phys, Chem, 129 (1900). 


* im. 13 . 614 (1893). 
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The equation (p. 664), 

[H][OH] = Co* 

differentiated gives the equation 


( 2 ) 


To find the position of the minimuni we must differentiate equation (1) 
with respect to t and put it equal to zero, 


dt* 


d[H] 


dt 


(3) 


Equation (3), however, is satisfied, as may be seen by comparison with 
(2), when 




which determines the position of the minimum ; since hydroxyl ions saponify 
1400 times faster than hydrogen ions the time in question must occur when 
the concentration of the hydrogen ions has become 1400 times as great as 
that of the hydroxyl ions ; it may also be easily proved that the minimum 
velocity is 18 times smaller than the initial velocity. 

To test these relations experimentally the rate of decomposition of the 
ester was determined by measuring its electric conductivity ; it appeared thaty 
in agreement with the theoryy the velocity of reaction first fell offy reabched a 
miniimm, and then rose again. To calculate the electrolytic dissociation of 
water the minimum velocity is the most favourable, so that the values gi\ren 
on p. 565 were determined by calculating the concentration of hydrogen and 
hydroxyl ions from the observed velocity. The condition that the concen- 
tration of the ester should remain constant is easily attained, since the 
amount of ester decomposed in this early stage of the reaction is only a small 
fraction of the whole. 


Tri- and Multi-Molecular Reactions. — When the three mole- 
cular species, which vanish from the system in a tri-molecular reaction, 
are present in equivalent proportions, then the reaction velocity is 


dt 


= k(a-x)3; 


or, considering that x = 0 when t = 0, 


- _ 1 x(2a - x) 
t 2a^(a - x)^ 


Noyes ^ has in recent years found the first case of such a reaction 
in the action of ferric chloride on stannous chloride 


2FeCl3 + SnClg = 2FeCl2 + SnCl^. 

' Zeitechr, phys, Chenu 16 . 646 (1896). 
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To [irevent secondary disturbances it was found useful to add a small 
amount of the products of reaction. 

0*025 norm. SnCl 2 0*025 norm. FeClg 

0*025 norm. SnCl 4 0*025 norm. FeClg 


1 

X, 


a - X. 

k. 

2*5 

0-00351 

i 

0-02149 ' 

113 1 

3 

0-00388 


0-02112 

107 

0 ! 

0*00663 

! 

0*01837 

114 ! 

11 

0-00946 

. 

0*01. '>.54 

116 i 

15 

0-01106 

i 

0-01394 i 

118 

18 

0-01187 


0-01313 

117 

30 

j 0-01440 


0-01060 

1*22 

00 

0*01716 

i 

0-00784 

122 


In the same way A. A. Noyes and K. S. Wason ^ showed that 
th(! reduction of potassium chlorate by ferrous chloride in acid solution 
is a tri-nu)lecidar. reaction ; the same is true for the reduction of silver 
salts by silver formate.’^ 

Again W. Judson and J. W, Walker*^ succeeded in linding a good 
example of a cpiadri-molecular reaction in the action of bromic acid on 
hydrobromic acid ; apparently this occurs (see the section below on 
“ C'ornplication of the Course of Reaction ”) according to the formula 

2l'l + Br f BrOa - IlBrO + HBrO^. 

Finally, Donnan and Kossignol have ksIiowu that the reaction 


2KI + 2K,,Fo(m\^ - 2K4Fe(CN)„ h I., 


in neutral solutions is fpiiwpU-mobrnlar ; the actual process is probably 
that given by the formula 

2Fo(CNXj -i- ai - 2Fe(CN), ^ I,. 

That tri-molecular reactions are rare, and those of higher orders 
still rarer, is evident from the kinetic considerations developed on 
p. 478 ; the probability of the simultaneous collision of several 
molecules is exceedingly small, the velocity of poly-molecular reactions 
can therefore only be appreciable under quite exceptional conditions.'* 
Hence most apparent poly-molecular reactions re^dly take place by 
moans of simpler (uni-, bi- and very rarely tri-molecular) ones, which 
occur successively, lliis is confirmed by experience. 

^ XeiUebr. plufs. Vhem, 22. 210 (1897). 

A, A. Noyes ami V». Cottle, ifnd, 27. r»79 (1898). 

^ Jonnt. Chem, .W,, 1898, p. 410. 

* Trans. Vhrm. Noe. 83. 708 (1903). [But sec Xritschr. phi/s. Chrm, 63. 513.] 

^ See also van ’t Hoff, i'hanisvhe Dpnainiky p. 197, Braunschweig, 1898. 
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The study by O. Knoblauch ^ on the velocity of siiponihcAtion of 
esters of polybasic acids is an excellent example of this. If we indicate 
by R" the radical of a dibasic acid, its ethyl ester is saponified by 
caustic soda according to the equation 

R'XCjH.). + 2NaOH - irNa, + 2CJI,()H ; 

on investigating the course of reaction it appears that this is never a 
tri-molecular reaction, but that the process occurs in the two stages 

1. R'XaH,)-^ + NaOH = + CJ1,()H 

2. R'XCJi;)Na + NaOH = irXa^ + C,H,OH 

consisting therefore of two consecutive biunolecular reactions. In 
following the process quantitatively it is therefore necessjiry to apply 
the law of mass-action to the two latter equations, that is, a special 
velocity constiint must be introduced for each of the two practically 
complete reactions. 

It may be pointed out here that there is a fundamental difterence 
between the formulai of chemical statics and chemical dynamics ; only 
the latter can throw any light upon the mechanism of the reaction, 
while the former are entirely independent of the way by which 
e([uilibrium is attained. It ()iin be easily shown, for example, that 
the equilibrium formulai of the reaction mentioned above ai'O the 
same, whether the ester of the polybasic acid is formed directly or 
indirectly, while the course of the reaction must be entirely different 
in these two cases. 

The Course and the Mechanism of a Reaction. —We have 
seen, in the jweccding paragraph.s, that the course of the reaction always 
varies in a characteristic way with the number of the molecular species, 
which experience a considerable change in the course of a reaction in 
a system considered as homogeneous. This is clearly shown by the 
following formulae, which serve to calculate the velocity coefficients 
for equivalent quantities of the reiicting ingredients. These, in ordei', 
are given, namely, 

for uiii-iiioIer*nlar reactions, l»y the expression J In ^ ^ ; 

for bi inolecular reactions, by th<* exj>ression ) , ' - ; 

for tri-inolecnlar rcae,tions, by tlie expression ] , et<-. 

‘ t x-y 

These expressions are so different from each other that, if the course 
of the rejiction exhibits a consUint velocity coefficient by applying one 
of the preceding formuhe, this is never the case in the use of one of 

ft 

the other expressions. If we make x = ", i.e. if we calculate the t{me 
^ Zeii&chr. phys. Vhem, 26* 96 (189S). 
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GOG 

re(iuired to cJutnge one half of the fjuantittj of the mbstance capable of change, 
w (5 find in the jint case that the time is independent of the original 
concentration of “ a ” emj)loyed j that in the second case it is inversely 
proportional to this ; tliat in the third case it is inversely proportional 
to the square of this ; and that in general, in an n-molecular reaction, 
this time is inversely proportional to the (n - 1) power of this original 
concentration. 

I’lnis one may decide the question, How many molecular species 
participatri in a reaction? — simply by starting out with equivalent 
ejuantities of the reacting substances, and then determining in two 
experiments (which differ in concentration) the time required to 
consume one half of the substances capable of reaction. 

The honour of first showing the possibility of obtaining a glimpse 
into the mechanism of a reaction from its course l)clongs to van 't 
Hcjff, who has made some applications of it in his classical treatise, 
Htudes de dgnamviue cJivniique (1884), which has been frecpiently cited in 
what has jn’oeeded. 

As van ^t Hoff showed, * the slow course of a uni-molecular reaction 
in a gaseous system proves that the molecules of a gas are not all in 
the same condition, otherwise they would either decompose simultane- 
ously or not Jit all. Tho occurrence of all stages of velocity of reaction 
speak strongly in favour of the kinetic views, and especially of 
Max weirs conception (p. 204), that the temperature of a single gas 
molecule oscillates about a mean. 

Very often it happens that a reaction will begin simply and 
smoothly, and it is not until it has advanced to (piite a distance, and 
after the resulting (piantity of the reaction products has attained to 
considerable magnitude, that it is disturbed by side reactions. In 
these cases one can draw some conclusion regarding the number of 
molecules of the reactiiig substances from the dependence of the 
original velocity upon the original concentration of the reacting 
substances. 

At equivalent concentration c of the reacting ingredients, when u 
molecules react upon each other, the original velocity is 

v kc»' ; 

now, by observing the original velocities Vj and of two ditferent 
concentrations Cj and c.j, we have, 


Although it is very difficult to ascertiiin the original velocity 
directly, and although the results obtained in this way, at all events, 
are only approximate, yet they are usually sufficiently accurate to 
discriminate between the results ; for n represents a whole number in 
* Chem, l>i/namiK\ p. 187, Braunschweig, 1898. 
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all cases. Thus van ’t Hoff ^ found, in studying the action of bromine 
upon fumaric acid in dilute water solution — a reaction which leads 
smoothly to the formation of di-brom-succinic acid only in its first 
stage — the result ' 

n = 1*87, instead of 2 ; 


this comes sufficiently near to what was expected. 


Further applications of this important metlKKl are to b* found in van 't 
Iloff,*^ Nernst and Hohmann,*^ and A. A. Noyes.* In pmctiee it is inon* 
accurate, as the author showed in the work with Hohmann mentioned, to 
determine the expressions 


1 

t 


In 


1 X 

t a " X* 


1 x(2a - x) 
t (a-x)-*’ 


etc. 


in the initial stage, and see whether they arc independent of the volume of 
the reacting mixture (ir inversely j>ro]>ortional to the first power or invei-sely 
proportional to the second ]K)wer. 


After all this repeated and emphatic proof, it hardly needs any 
other special demonstration to show that one cannot draw any con- 
clusion by any of the methods indicated respecting the question, — 
Whether a molecular species which is present in great excess (the 
solvent, participates in the reaction or not. The cast* here 

resembles that previously encountered (p. 505), where it was shown 
that the hydration of dissolved substances exerts no influence on the 
depre.ssion of their freezing-point. 


Application of Ghemical Kinetics to determine the Course 
of Ghemical Reactions. — We have already considered one such 
application (p. (>05); this method has been largely used hy Heinricli 
Goldschmidt and his pupils. As an example we will tliscuss in detail 
an investigation by Goldschmidt and Merz on the formation of azo- 
dyes. Diazobenzene sul phonic acid and dimethylanilinc hydrochloride 
unite with measurable velocity to form methyl orange, 

^SO., ^SO,Il 

The object of the investigation was to determine which of the three 
possible forms of the dimethylanilinc hydrochloride really took part in 
the reaction. The three forms are 


(1) the cation C<jH^,N(CH.,) 2 H ; 

(2) the undissociated salt C<jIl 5 N(CH.j) 2 HCl ; 

(3) the free amine CgH 5 N(CH.j )2 formed by hydrolysis. 

^ Kfudrsy p. 89. ® ('hrm. iJynamiky p. 193. 

Zeitsdir. phyn. Cheni. 11 , 375 (1893;. * JbuL 18 . 118 (189.5;. 

» JSer. 80 . 870 (1897). 
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From the law of mass-action the concentration of each of the forms 
can he determined as a function of the total quantity of amine 
present. The velocity of change must be proportional to the concen- 
tration of the reacting form, and hence in Case 1 (as electrolytic 
dissociation is fairly complete) should be nearly proportional to the 
total concentration, and somewhat diminished by excess of hydro- 
chloric acid, which would tend to diminish dissociation. Case 2 is 
analogous, but the velocity would be somewhat increased by the 
presence of excess of acid. Experiment showed that neither condition 
was satisfied. Cn the other hand, if the velocity is calculated on the 
third assumption, we obtain 

| = k(a-x)^ 


where (a - x) is the concentration of the diazo ficid, and ^ that of the 
amine formed by hydrolysis. But since 


free base x free acid 
salt X water 


- constant. 


we get 


1, + x) 
a ^ “ X 


-K 


where b is the excess of hydrochloric .acid added, and a the original 
concentration of the amine. Now ^ is small compared to a and x, and 
therefore : 




hence 


dx 

dt 


kK 


1) -h X 


% 

This equation was exactly confirmed by experiment : addition of 
HCl(b) retards the reaction. The percentage change is (as in a 
reaction of the first order) independent of the concentration, ami also 
the numerical values for kK in different experiments agree satis- 
factorily with each other, as the following table shows : 


a 0*0282 b=r0 

0-0282 0 

0-0282 0 

0-0200 0 

0 0^.50 0 


0282 

kK-r 0*0056 

0601 

0*00.'>8 

0840 


0200 

0*0050 

0250 

0*0058 


The Progress of Incomplete Reactions.— Fin.dly, we will 
devote a few words to the general case where the reaction stops at a 
point where only a small imrt of the jwssible decomposition is effected. 
This occurs in esterification (p. 492) ; thus, e.g., if one mixes 1 g.-mol 
of alcohol with 1 g.-mol of acetic acid, the mutual action comes to a 



CH. V CHEMICAL KINETICS C09 

pause after two-thirds of the maximum possible quantity of ester has 
been formed. 

The reaction velocity for the time t, when the ijiunitity of estt*r 
formed is x, is here given by tlio ei|nation, 

where k and k' denote respectively the velocity constants of the two 
opposed reactions. If we introduce into the preceding etination the 
value of the ratio of these two consUints, namely 



as «ascertained from the equilibrium of the system, then by iutegmtion ‘ 
we obtain 

The velocity of esterification, under the preceding conditions, was 
measured at the temperature of a dwolliiig-rooni by Bcrthclot aiul 
Pcan do St. Oillcs ; their results were tis follows : — 


r>mo t. 

j \ Oils. 

X ('illt*. 

0 days 

i 

0*000 

0*000 

10 ,, 

0 0.S7 

0*091 

19 ,, 

i 0*121 

0*098 

•tl n 

0*200 

(>•190 

01 ,, 

()*2rt0 1 

0*207 

108 „ 

o-aifi 

0*80.9 

1*17 ,, 

: 0*121 

0*129 

107 ,, 

: 0*471 

0*172 

190 „ 

1 0 490 

i 0-199 

'jj ,, 

i 0*077 

j 0*607 


The calculatcil values ' of x, as given in the third column of the 
preceding table, are obtiiinc<l from the theoretical formula, l)y assuming 
that 

^(k - k') = 0 00575. 

The coincidence between experiment and calculation is good 
throughout, except at the beginning of the series, where some disturbing 

^ For tlu* way of canyi«K mm-Ii caU-nlalion.s for oxaini)!**, Nt^rnsi atul 

Scht»nHies, Kinjiihm mj in t'fi*’ nnrfh, IkhamlL tUr Nidurvuf^ensehaften^ Clh |>. 114, 
Mihieheii, 1910. 

- GuMbtTK ami NVaage, J. jtt\ intern. [2], 19. 69 (1879) ; Ostwa)<rH KUmikn^ 

104. 

2 R 
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side reiictions seem to have occurred. We will refer to the cjilculatioii 
again at the close of this chapter. 

If a small fpiantity of acid be added to a concentrated solution of 
water in alcohol, the concentration of the water and the alcohol may 
be regarded as constant, and we have for the velocity of reaction 

;^* = k,(a-x)-V, . . . (1) 


where a is the amount of acid added and x is the amount of ester 
formed in the time t. This equation of course holds also when a small 
quantity of ester is added to the alcohol-water niixtuie, and a is the 
quantity added to the solution, x is the quantity Of ester decomposed 
in the time t ; only that in this case the reaction proceeds in the opposite 
sens<*. If in the preceding c<fuation we put the reaction constant 


and integrate, we obtain 


K - 


^'2 


k, 1 - k 


2 


1 . Ka 

t "Ka~(l i K)x ' 


( 2 ) 


This equation has been tested in a number of experiments by 
W. Kistiakowsky ; ‘ he has in particular given an important proof that 
the value k, 1 k., obtained is the same whether it is derived fi‘om the 
formation or the decomposition of ester. 

Anothei’ examj)le of the inconqdeto eonise of reaction was found 
by V. Henry “ in studying the change of h/fdroxfj-lntfi/rir arid into the 
nnresinmdimj lactone. Here an abundance of fiee hydrogen ions (in the 
form of MCI) wen; added to accelerate the change ; therefore the 
we,aker hy<lroxy-butyric acid could be regarded as entirely undis- 
soe,iated ; and therefore equations (1) and (2) also apply to this 
reaction. 

In conducting the research, the original concentration of the acid 
amounted to g. eijuivalcnt per litre : at the beginning a standard 
volume, removed by the pipette, consumed I8’2.'i c.c. of a barium 
hydroxide solution, excluding the hydrochloric acid present. After a 
long time the titration remained consUuit at 13*28 c.c. Therefore we 
have 


K- 


13*28 

18*23 ~ 13*28 


2 * 68 . 


The series of determinations conducted at 25' were as follows : — 


* U'fV//, Ih'ihf., 1891, p. C’linratidfuntf in homtMjt'nen (ivhildt^n, 

1895. See also O. Knohluucli. Xtdturhr. pht/s. (*hem. 22, 1268 (1897). 

- Zt'itschr. pfiifs. Chem. 10. 96 (1892). 
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t. 

X. 

k^ + k^. 

21 

2-39 

0*0411 

50 

4 *98 ! 

0*0408 

80 

714 : 

0*0144 

120 

S\88 ‘ 

0*0100 

220 

11*56 * 

0*0404 

820 ’ 

12*57 

0*0398 

47 hours. 

13*28 



The values in column t denote minutes ; the values in column x are 
the quantities of laetone produced, exju'essed in e.c. of the barium 
hydroxide solution ; on the same scale “ a amounts to 18*2.‘b The 
constancy of the value of kj + as calculated according; to the 
l)receding equation, is satisfactory. 

The same equation of reaction holds, as Kiister' has shown, for 
the mutual conversion of the two hexachlor keto-K-pentencs ; a 
mixture of the two isomers tends towards an cipiilibrium which depends 
considerably on temperature. It may be noted that the case 
investigated by Kiister was that of a liquid mixture of the t\vo 
mutually convertible species of molecules without any solvent. 

For tin* process of a\itoraccmisation we have 

k ■ k, k.., K I, 
and equation (*2) reduces to 


2k 


In 

t a 


t a 
2 " 


( 3 ) 


Since only half a is transformed, it follows that e<juation (3) coincides 
with that of a unimolecular reaction. 


Arcordiiig tu Walker and Kay - the foriualioa of area from amnn*iii\nM 
cyaiiate takes ]»lace in accmdance with tlic erjaat ioa 

-f 

NIlj-iCNO: (:0(NH..)..; 

if a is the (piaatity of aiiimoiiium eyanatc prc.simt, n the degiee »>f dissociatioii 
at the time t, we liave 

*it ” - x/- - k'x. 


Multirotation of Milk Sugar.— C. S. Hudson '^ has prove<l that 
this is also a case of inconqdete reaction, and has completely explained 

* ZelUcht. ^thys. Cfmn, 18. 161 (1896). 

Journ, ehnn. Si>c., 1897, p. 489 ; Xeilschr. phys, (%‘m. 24. 1172 (1897). 

=» XnMr.phyn. 44. 487 (190‘1). 
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in thi« way the process of multirotation mentioned on p. 593. Both 
the hydrate and the lactone of milk sugar slowly change their optical 
rotation in a freshly prepared solution, for in both cases the reaction 

tends to produce equilibrium ; since the rotation of both substances 
can be (hjtcjrrnined in a freshly prepared solution, the composition of 
the solution at any phase of the reaction, and finally the equilibrium 
can be determined polarimetrically. If a mols of the hydrate are 
dissolved in a laige (piantity of water, the equation 

holds, where x is the amount of lactone produced. If r,j is the rotation 
of a mols of the hydrate we oV)tain by integration, just as on p. 610, 

k + k' - ^ hi ^ 

t r - 

where r is the variable rotation and r^^^ the rotation in equilibrium. 
Hudson found this equation confirmed in all cases. 

Tautomerism. — Lot us consider a mixture of two isomers which 
are capable of m\itual conversion as in the case mentioned above 
investigated ))y Kiistcr, and let us assume that the ecjuilibrium between 
the two isomers establishes itself very quickly ; if we attempt to 
s(»parate the components of such a mixture by any chemical method of 
si'.paration, the other components will be converted into the first in 
conse<{Ucnce of the <lisplaceme»it of e<|uili])rium, that is, the whole 
mixture will react as if it consisted of the first com})onent ox(;lusively. 
If, on the other liand, we apply a chemical reagent which acts only on 
the second component, the mixture will conversely behave as if it 
consisted of the second component only. Such a mixture can there- 
fore react according to two constitutional formula*, that is, we have 
the phenomenon of ((Utfoirterism described on j). 317. Thus it has 
recently been suggested repeatedly ^ that hydrocyanic acid is a 
mixture «»f the molecules NCll and ON 11 which, however, are mutually 
converted at ordinary temperatures so (piickly that separation of the 
two is impossible or at least very difiicult, just as was the case with 
the mixture studied with Kiister at higher temperatures, because one of 
the isomers passes into the other too quickly. According to this view, 
reduction of temperature would bo the means for isolating the two 
tautomeric forms. 

'rile same view of tautomerism explains why, as Knorr *^ remarked, 
this phenomenon is onlff found in. fluids^ whilst for solitls we must 
always assume a definite structure, 

• Similar ideas are to be found in l^aar. Her, Ih utach, (*hem, iJea. 18 . (MS (188:)). 

Lieb. Ahh. 306 . 345 (189U). 
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The most thorough test for the accuracy of this view is in 
separating the isoinei*s ami following their mutual conversion. Thus 
Claisen^ \?as able to isolate the enol ami keto forms of tril)onzoyl 
methane and similar substances, and Wislicenus- those of formyl- 
phenyl acetic ester. These were distinguisheil not only by their 
melting-point but by their chemical behaviour, for example, the acid 
properties of the enol form and the neutral projierties of the keto 
form. The intensive coloration of the enol form by ferric chloride is 
especially characteristic, and was used by Wislicenus U) ft)llow the 
course of the inversion and to demonstrate the establishment of 
equilibrium for both sides. It is to )>c remarked tliat the vehwity of 
reiictioii varies greatly with the nature of tlio solvent ; as in the cjvse 
of other reiictions it is grciitest in methyl alcohol, then follow ethyl 
alcohol and ether, and finally chloroform and Iwiizcne. 

llautzsch ^ has made interesting ob.servations on the transfonnation 
of tautomeric forms of nitrophenyl-methane and similar iHMlics, and 
has shown that the conversion can be followed by mciisnritig the 
electric conductivity. These substiuiccs react sometimes as true nitro 
bodies, sometimes as isonitro bodies — 

(yi, - Cl I, - NO, 0,1 b OH - NO - on 

Pluiiylnilroun'tliiim*. N«'ntral. Stable IsonitroplHnyliiu-i liain'. Afitl. Un- 
in ilic frtM* stale ; in alkaline solution stable in tin* free, stat<i ; stable as 

chani^es into tin' oilier fonn. salt. 

The [ijissage of the second acid stdislaucc into the first neutnil 
one is .shown by a decrease in conductivity, which finally disajipcars 
altogether. The converse reaction takes place when tin* first form is 
dissolved in alkali. Here also a slow decrease in conductivity takes 
place which is due to the formation of the alkali salt of the isonitro- 
[)henyl-methane from the free alkali and iht! neulral phcnyl nilro- 
methane, producing the ion of this acid in jilace of the much more 
rapid hydroxyl ion. The neutralisation, which in the <‘aso of real 
acids is almost instantaneous, lakes place here in a imjasurable time, 
that requireil for the converHi<ni of the neutral .snbsttmce into the acitl. 
Ilantzsch descrilics such compounds, which are not definite acids, as 
pseudo-acids. These are also distinguished Ity an exceptionally large 
tem[>eratnrc cocfhcicnt of conductivity, which increases with rising 
temperature ; also by dissociation constants which change ahnorinally 
fast when the tem])erature increases, and by noticcidile colour change 
on change of t<*mperatnre. 

Hollmann ^ has given another excellent exam})lc of the ef|nilibrium 
between the different modifications of a substance in his study on the 
modifications of acetaldehyde, while Dimroth has studied the velocity 
of such changes. 

» AiW/. Aft/t. 291. 2r/ flh96). 

^ /ir/\ ]}etiisch. ('hrm. fieJt. 32. 575 (1899). 

* Zfit^hr. phys. (Jhetn, 43* UJ9 (1903). 


** Ihut. 291. 147 ( 1896 ). 

« Lith, A»h. 335. 1 (1904). 
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Accoitling to these investigations it may be finally assum^ that 
tautoraerism is nothing less than a kind of isomerism in which the 
velocity of mutual conversion is very great.^ 

The Influence of the Medium. — Strictly speaking, we would 
expect to find a constant velocity coefficient in the course of the 
reaction, only in the case of those systems where ihe nature of the 
mrdiuM in which the reaction is completed experiences no essential 
change jih a result of the decomposition of the reacting substances. 

This condition is certainly only partially fulfilled, in the ciise of 
estc*rification previously considered, in the progress of which the 
nature of the medium is changed considerably ; but the condition is 
a[)parently very completely satisfied in the case of reactions occurring 
in gaseous systems, and doubtless also in reactions occurring in dilute 
solutions. As a matter of fact, we found in the latter a most excellent 
(hmionstration of the law of mass-action in its application to chemical 
kinetics. 

1’he ({uestion how the reaction velocity changes with the nature 
of the medium in which the rciiction occurs has hitherto been attacked 
only in a desultory way. 

Hut from the fact that the condition of cijuililnium of a gaseous 
system (c.y. the dissociation of a gas) is not displaced hy intermixture 
with foreign inditforent gases, it undoubtedly follows that the two 
opposed reaction velocities (which in 0 (iuili))rium exactly compensate 
each other) would bo influenced in the same way, if at all ; the most 
probable assumption is that both of the two reaction relodtiea remain 
unchaiKjaf i.o. tJiat indijl'erenf (jases art udthout influence on the reacii<m 
reloeitjf. Actually K Cbhen - showed that the rate of decomposition 
of arsine is not altered by the presence of hytlrogen or nitrogen. 

The problem, very iiiterosting for many rciisons, respecting the 
change in the reaction velocity of a chemicid process which occurs 
in a solution, with the nature of ihe solrent^ was first attackcil in a 
thorough way by Mcnschutkin.^ For this pur[)ose he selected the 
reaction Iciiding to the formation of tetra ethijl amiwmium ioilifle^ from 
tria'thjfl amine and ethyl iodide^ thus — 

N(C.dl,), + Cjy==N(C.A)J- 

The procedure consisted in diluting one volume of a mixture 
of the two substances with 15 volumes of a solvent; this was 
maintiuned for a definite time-interval at 100 in a sealed glass 
tube ; thereafter the (piantity of the ammonium Imse produced was 
determined by titration, so that the progress of the reaction was 
ascertjiinod. The reaction progressed normally in etich one of the 

* A ronipletc fxt>osltum of viewn on tautouiorism nml tin) exi>iTimeiiUil material 
in ^iwii hy UhIh', Lieh. Anta 3 13. 129 (1900), 

* %nt«i'hr> phys. Vhem, 26. 483 (1898). 


JbU. 0 . 41 ( 1890 ). 
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twenty-three solvents studied, i.(\ in accordance with the fomiula 
which holds good for bi-molecular rejictions ; hut the value of the 
velocity coefficient k varied in a very striking way with the nature of 
the solvent, as is sho\vn by the values given in tlie following table : — 


Sohent. 

k. 

Sohrtiit. 

K. 

Hexain^ 

0 000180 

Metlivl aholiol . 

0-0150 

Hootanu 

0 00023:> 

Ethyl aU-ohol 

0-0300 

Xyioiie 

0 00287 

Ally! alcohol 

0-0433 

lieiizont? 

0 00:i84 

Benzyl nlcohol . 

0-133 

Ethyl acotuio 

0-0223 

Acetone 

. 1 0-0008 

Etliyl ether 

0-000757 


1 


The presence of a hydroxyl group, and also of an “ unsatui*ated 
union ” in the molecule, acconliiig to this, seems to favour the reaction 
velocity; and, as a rule, in homologous series, the velocity decreases 
with increasing molecular weight. 

Hut one eircnmstance wouhl appear to be very remarkable, namely, 
that those solvents which are omlowed witli a grt*at disstirinfinff 
towards dissolved substances (see pp. 291 and oO.’i) are, on the whole, 
also those which impart the greatest reaction capacity to tlu‘ dissolvcal 
suijstances ; Mensehutkin em[)haKised that i/iv (‘UorninKs (lilftrrun's 
lK‘fweeii, the rehn'itij ronstmifs enunot he axeriheil to the joiirbi p/n/airiU aetion 
of fhr sohrntj such as might consist in a ditlbrence b(jtw(‘en the |r<dative) 
num))or of molecular collisions. 

Indirterent materials addetl to the solveiit may alter the nature 
of the medium, and conse<iuontly exercise an appreciable influence 
on the velocity of reaction ; the action of jieiitral salts referr<‘<l U) 
on p. 092 is perhaps to be referred in ])art to such an influ(mc<^ 
According Ui a Uiorough investigation by Huchboc.ks,* »ni the action of 
foreign subsUiniCs on the dccompo.sitioii of ear)>onyl sulphide dissolved 
ill water 

C(hS + Jl./)-C()o t HjjS 

some connection with the viscosity of the solution is prolwdde.- 

According to present experience the velocity of reaction in the 
giiseous state, at least at ordinary temperatures, is with few excep- 
tions vanishingl}^ small ; the gaseous sUite is therefore a medium which, 
in accordance with its small dissociating |K)wer, imparts to the sidi- 
stauce present in it very small capacity for reaction. The fact that 
oxv-hy<lrogen gfis reacts slowly at the walls of the vessel may he 
explained by saying that the gas absorbed or dissolved by the walls 
of the vessel constitutes a medium of greater bicility of rciiction ; it 

* Zeihrhr, </hrm. 23. 123 (1897). 

Se« aNo C. Tubaiult. /M. Ann. 354. 2.')9 (1907), who invcsligaUi<l the iullueiicc 
of the inetliuni on the raU* of iiivcisioii of iii«utlioiie. 
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Ih well known that the facility of reaction is greater still for oxy- 
hydrogen gas at platinum surfaces. In this way many catahitic processes 
can l>e, if not explained, at least referred to the apparently less 
difficult conception of the influence of the medium discussed in this 
section. 

A. SUK^k and M. llodenstein ' have, for example, decisively proved 
that the decomposition of antimony hydride Ukes place simply in the 
layer of gas mlsorhed by metallic antimony ; as the thickness of this 
layer increases slower than in pro|>ortion to the concentration, we have 
the e(|Uation 

dC 
dt “ 

wlnne (! is the concentration of the antimony hydride in the gaseous 
phase, and e is < 1 (in this case 0 6). 


Catalysis.'^ — Wo have repeatedly noticed in the foregoing, 
especially in dealing with the decomposition of esters and the inversion 
of cane sugar, the striking circumsUmce that many jeactions take 
place with increase of velocity in presence of certain substances, especially 
acids. Berzelius gave to tlii.s phenomenon the name of catalysis ; it 
means (in in rnlorifi/ of trad ion cnnsnl In/ the jn'esnire of substances 

which (to wd take pari in it (or (/nip to a strondanj c./7r/d), althonph th& 
reaction is ca/mUe of tnkinp place without their presence. Acids and l)ascs 
seem to exorcise a caUdytic action on all reactions in which water is 
adectod or split off, and their activity is proportional to the con- 
centration of the hydrogen or hydroxyl ions. Ihcdig ami his pupils 
have shown that the decompositioii of hydrogim peroxide is catalysed 
hy iod ions,”* and the condensation of two molecules of bcnwdde- 
hyde to benzoin by cyan-ions.* One of the longest known and most 
importint catalyses is the accelerated oxidation of sul]>hur dioxide 
hy oxygen in presence of oxides of nitn)gon. Another well-known 
example of cahilysis is the extraonlinarv increase in velocity of com- 
bustion of hydi’ogen and of suli>hur dioxide in presence of finely 
tlivided platinum. Finally, wo may mention the interesting researches 
of Dixon and Ikiker,^ which led to the conclusion that a number of 
gas reactions, such as the combustion of carbon monoxide, the dissocia- 
tion of sal-ammoniac vapour, the action of sulphuretted hydrogen on 
salts of the heavy metals, cease entirely in the absetme of water 
va[)our. 

' Ikr. ikutsch. Chem, 40 , 570 (1907). 

Ostwald liHK ^iven a skrtch of catalytic piieaomcua in a lecture to the Ilaniluiiger 
NaturrorscliervcrHiinnulung, Xfitschr. f. Klektrochcmir^ 7, 095 (1891). 

•* Zfitachr. phys, Chem, 47. 185 (1905). 

* Xdtsi'hr,/, Khklroehem. 10. 582 (1905). 

^ Trans, Hoy. Soe. 176. 617 (1884) ; Journ. Chem, Soc, 49 . 94 and 384 (1886) ; 
ihitf,, 1894. 603-610. 
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‘‘Negative caUlysis,’* that is a retardation of reaction hy addition 
of another substance, has also been occasionally observed, and appears 
to be due to the destruction of “ positive ” catalysts by the sid>stjuice 
in question.^ 

The catalyst cannot of course atlect the allinity of a process. To 
do so would be in contradiction to the second law of thcrnio*<lynamics, 
according to which the atlinity of an isothornial process, as measured 
by the maximal work, depends only on the initial and iinal states. 
The activity of the catahst therefore does not touch the driving 
force of a reaction but only the opp()sing resistance, as was early - 
recognisetl. 

Since the catalyst takes no part in the reat‘tion the equilibrium 
constant is not altered by its presence. This was seen (p. ISl) Xu ]>o 
etpial to the ratio between the velocity constants of the two reactions 
in oj>posite signs. ./ cnftdfid mud thenforr alinn/s affed the Vtlorif/f of 
the rerc/w rt'oetiou. If, for example, any a<lded s\ibstance increases the 
rate of formation of the body, it must equally increase its velocity of 
decomposition. We find an example of this in tln‘ known fact that 
the presence of acids causes both the formation and the saponitication 
of esters to take place with increased velocity. The obsm'vation of 
Baker that in absence of water vapour gaseous ammonium chloride 
docs not dissociate, and on the otlnu* hand diy annmmia does not 
eombirie with hydrochloric acid, may be (‘xphiined in the same way. 

There is no complete theory of catalytic plienomena at the pres<‘nt- 
moment. 

Attempts have often been made to exjdain it by means of inter* 
mediate ])roducts formed by the caUiIyst and the reacting substance. 
Tdiese interme<liato products, whose existence has beeri proved in many 
cases, are subscijuently decomposed into the catalyst and the product 
of reaction. See the paragrajdi on the “ (Vitaly tic Action of Water 
Vapour” in the fourth chapter of the last book. This meth<»d 
of ex[)lanation may be employed wlnui tin; velocities of such inter- 
mediate reactions are greater than the vadocity of tln^ total reaction ; 
this theory of catalysis has only' so far been provi*d iti a few eases, but 
in many^ others it seems plau.sible. 

In cases of cataly'sis in heterogeneous systems, for examph^ the 
acceleration of gas reactions by platinum, it is probable that the. 
phenomenon is connected with that of solution or adsorption of 
the gases in metal. 

According to the observations of Bredig,’^ colloidal solutions of 
metals act in the same way as the metiils themselves. In the decom- 
position of hydrogen peroxide a jdatinurn solution containing only 
of a mol per litre j^roduces a measurable action. 'I’he 

* Zeifsdtr. phytf. 45 . 611 

See, for e.\;UMj)le, H. Ilelmliollz, ErhaHnntj r/cr Kfo/t, p. 2r». 

® Amrrf/onischr I^eipzig, 1900; Zeitschr. phys, (Jhnn. 31.2,08(1899], 
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catalytic activity of a colloidal platinum solution recalls in many 
respects that of organic ferments, and for this reason Bredig called it 
an inorganic ferment. The analogy comes out most strikingly in the 
change of activity by time, by temperature, and by the power of 
cerUin substances, which are poisons towards organisms, to poison, 
that is to destroy, the activity of inorganic ferments also. Such 
substances are suljihuretted hydrogen, hydrocyanic acid, etc. 

Auto-Catalysis. — Acids produce a catalytic action on the trans- 
formation of oxy -acids into lactones; the velocity of this has been 
measured by Iljelt,^ and especially with regard to catalysis by Henry 
([). 610 ) and Collan.*-* Thus, for example, y- oxy -valerianic acid in 
afjueoiis solution is changed into valero-lactone with separation of 
watfjr, and, as usual in such cases, the reaction takes place more 
(juickly in presence of a strange acid ; it is only of course the free 
hydrogen ions that are catalytically active. Now the acid itself is 
part ly electrolytically diHsociate<l, that is in a solution of oxy-valerianic 
acid without the addition of any strange acid free hydrogen ions occur; 
it is therefore natural to suppose that these must prodtice catalysis, 
so that the acids ('niahjsc thf^ins^^lres. This supposition may be easily 
tested cx[)erimentally. If to the acid be added one of its neutral 
salts, the dissociati(jn is very much reduced in accordan<;e with well- 
known rules, that is, the number of free hydrogen ions is diminished. 
Thus the addition of the sodium salt must greatly hinder the conver- 
sion of tlio acid into lactone. Actually it is found that the strength 
of the acid in the presence of its sodium salt remains unaltered for 
days. Another deduction from the theory, which is confirme<l hy 
experiment, is that the transformation of acid into lactone docs not 
follow tlie ecpiation applicable to unimolecular reactions, but that the 
velocity of reliction at any moment is proj)ortional to the product of 
the concentrations of the undi.ssociatcd acid and the hydrogen ions. 

F6rin6nt R6RCtions. — Ferments or cn/.ymes, substances of un- 
known chemical constitution, which are produced by animal or 
vegetable organisms, accelerate numerous reactions, which on their 
side are usually beneficial to the organism ; in other ca.scs, however, 
they can act as poisons (toxins). These ferment reactions occupy in 
many rcs[)ects an exceptional position among catalytic processes : to 
each process corresponds nearly always a special ferment (while 
hydrogen ions, for example, catalyse whole categories of chemical 
processes) ; further, ferments are affected to a considerable degree by 
outside influences, such as high concentration of the reacting s\d)stances 
or of the products of the reaction, and high teni|)erature. Hence 
there is often a certain composition of the .solutions, and always a 

‘ Her. neuhrh. Che,n. ihs. 24. 1236 (1891). 

XeiUehr, phys. Chem, 10. 130 (1892). 
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temperature, at which the accelerating power of the enzyme ia a 
maximum. These peculiarities are, however, not fundamental, and do 
not throw doubt on the classification of ferments with catalysts. For 
ferments also accelerate processes taking 'place spontaneously, which 
tend towards an equilibrium depending on the concentration of the 
reacting substances; cases have also been observed where the same 
ferment accelerated the attainment of equilibrium from both sides. 
Thus E. Pottevin ^ showed that the ferment of the pancreas not only 
destroyed fat (glycerine esters of the fatty acids) into fatty acid and 
glycerine, but also built up the fat again from the two components. 

Senter*-^ has shown that the catalysis of hydrogen peroxide by 
hamase followed the course of a unimolecular reaction ; in general, 
however, fairly complicated relations prevail, probably because the 
enzymes possess variable catalytic power, on account of their great 
sensitiveness.^ 

The Kinetics of Heterogeneous Systems. — The velocity of 
reaction in heterogeneous systems does not possess the same theoretical 
interest as the reaction velocity of homogeneous systems ; because 
the former is very largely dependent upon the extent and the nature 
of the separating surface between the reacting phases, and also upon 
other circumstances of a secondary nature, such as the diffusion capacity 
and velocity of stirring. 

The following may be assumed regarding the solution of metals in 
acids and analogous processes. 

1. The velocity of the decomposition at every instant will be 
proportional to the extent of the contact surface O between the metal 
and the acid. 

2. It will be proportional to the concentration of the acid. 

Thus, let us denote by a the acid titration possessed by the solu- 
tion at the beginning of the process for the time t = 0 ; and by a - x 
the acidity after the time t, when x equivalents of the metal shall 
have gone into solution. Then, according to the assumption made 
above for the reaction velocity, i,e. for the quantity dx of the metal 
passing into solution in the time dt, we shall have- - 

^ = kO(a-x) . . . . (1) 

and this, when integrated on the assumption that the surface remains 
constant during the solution, becomes 

* C./t 180. 1152 (1903) ; cf, Bodensteiii and Dietz, Zeitschr»f, KUkirochemU^ 12, 
(1906). 

* Zeitschr. phya. Qhaiu 44. 287 (1903). 

3 See especially the iiivostigatious by Henri, Loia gin^rales de raction dea diaataaea^ 
Paris, 1903, and especially by Sorensen, Biochemiacha Zeitachr, 21. 133 (1909), and 
later numbers of this journal. 
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a - X 

Bo<^uski * succeeded in verifying the preceding formula fairly well, 
ljy a research oti the velocity of solubility of Carrara marble in 
acids. A weighed marble plate was immersed in the acid, and after a 
mtjasiired time was removed, washed, dried, and again weighed. The 
(juantity x dissolved was thus ascertained, corresponding to the time t, 
by the diminution in weight. 

As was to be expected, etiuivalent solutions of IlCl, of HBr, and 
of lIXO.j acted on the marble with the same velocity. 

The of hniparoture in particular was later investigated by 

Spring/- He showed that an elevation of the temperature from 15^ 
to .‘15 , and from 35 to Ob'", in each case corresponded to a doubling 
of the solution velocity \ and hence that the temperature excites a 
strong accelerating iuHuence on reactions which occur in heteroife neons 
systems, similarly to what has been regularly proved for homogeneous 
systems. 

In order to obtain a better i<lea of the theoretiail treatment of 
such j)roeesscs, we will now consider the simplest case, namely the 
solution of a solid substance by a solvent, ejL benzoic acid by water. 
If c is the. concentration of the acid at time t, ami c,^ the saturation 
concentration, the C(|uation (I) becomes in this case: 

This e(|uation has be<ni verified, for the above substances, by Noyes 
and Whitney.'^ I'l^t^y *K>t only found it to agieo very well with 
observation when the rate of stirring was constiint, but also explained 
it by a simple and very illuminating hypothesis ; they assume that at 
the boundary between the crystals and the solution the solution is 
always saturated ; the velocity of solution according to this is con 
<litioned only by the rate of ditlusion of the saturate<l solution of the 
boundary layer into the interior iKpiid. By stirring the thickness of 
the liijuid layer adhering to the crystal is diminished, and thus the 
distance through whii h the dillusion has to take place reduced. 

I have shown ^ that this hypothesis can be so generalised as to 
apply to all reactions in heterogeneous systems. // is highly prohohle, 
inonely^ that at erery hontuhiry between two phases^ etptilihrinm is established 
with a pmrtkally infinite velocity (?.c. compared with the rate of ditlusion). 

Slowness of chemical reaction in heterogeneous systems can there- 
fore be explained by means of the above hypothesis, as follows : if 

‘ tho(fsi'h. Vht'ni. frV.w 9, 16t6 (1876); siH* also Boguski and Kajainler, ibid. 
10. 3i (1877). 

a X.'itsi'br, phua, Chmu 1. 209 (1887k 
^ Ibui. 47. f>2 (loot). 


Ibid. 23. 689 (1897). 
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no other slow processes in homogeneous systems delay the reaction, its 
course is simply determined by the ditVusion velocities. The rate 
of solution of solid subsLinces by liquids depends mainly on the 
velocity of ditfusion in the liquitl phase, but sometimes also on that in 
the solid phase. 

This hypothesis yields, i\& was shown by the author and K. 
Brunner,^ in a complete experimental study, the means of treating 
theoretically the velocity of reaction in heterogeneous systems. Witli 
sufficiently vigorous stirring, which is kept constant throughout the 
experiment, it may l)e assumed that the solution has a homogeneous 
composition, and that a layer of constiint thickness (^) adheres to the 
surface of the solid, and ditfusion takes place through this layer. If 
we consider, for example, the solution of magnesia in acid according 
to these principles, at the magnesia itself there would be a slight 
alkalinity, and the concentration of the free ac id would therefore be 
very small ; under these conditions the quantity 

01 ) 

o 

would diffuse to the magnesia in time dt, where 1) is the diffusion 
constant of the acid, and the c<[uivalenl amount of magtu'sia would go 
into solution. The reaction constant k therefore, according to 
ef[uation (1), becomes 


If the thickness of the adhering layer o for a given kitid and 
velocity of stirring can once be determined by experiment, the velocity 
constant k can be calculated iii absolute measure. Thus Hrunner, 
after determining o as 0 03 mm. from a measurement of tluj latc, of 
sohitioii of benzoic acid, calculated the rate of solutioti of magnesia in 
different aci<ls. 

Thus it appears that it is not the strength of tlu* aciil wbitdi 
regulates the rate at which it attacks magnesia, but imuely its 
ditfusion constant, so that acetic aci<l, which diffusi's rapidly, acts 
more quickly than benzoic acid, although the latter is much stronger. 

In a similar way, van Name and Edgar,- and van Name and 
lk)Sworth,'^ measured the rate of .solution of metals by free halogens ; 
H. Heymann ^ investigated the solution of coj)per in potjissiuiii tri* 
iodide, and compared it to the diffusion velocity of flu*- free iodine. 
In all these cases the reacti<m was shown to he regulated by the 
diffusion velocities, in accordance with the above theory. The 
solution of metals in acids with evolution of hydrogen is disturbed by 

’ Xtf ifsrhr. pht/s, f*hem. 47 * 50 ( 1001 ). 

Ibiil. 73 . 97 (1910). ■* Amer. Jovnt, of Scinicc, 36 . 207 (1912). 

** Dissrrlolitm^ llerliii, 1911. 



G2*2 THEORETICAL CHEMISTRY bk. hi 

the phefiomoiui of excess jxitential and passivity. (See the chapter 
Electrochemistry III.). 

Since, according to this, in chemical reactions which occur merely 
at the hounclary hctwceii two phases, the phenomenon is essentially 
one of diffusion, it is useless to try and determine the order of reaction 
from the rate at which they proceed, fis has often been attempted in 
recent years ; thi.s method of argument is only applicable, according to 
kinetic considerations, to the probability of collisions in homogeneous 
system.s (p. 478), and loses its meaning when applied to heterogeneous^ 
.systems. 

It ha.s already been j>oiiited out that velocities of diffusion only 
d<jt<;rmine the rate of reaction when no other pnfcessen (spreading out of 
thin layers, jis when marble is dissolved in sulphuric acid, and so on) 
interfere^ and es|)ccially when no slow process, taking place in the 
homogeneous phas<s is conneete<l with the progre.ss of the reaction, 
'riius arsenic trioxido dis.solves in water much slower than would he 
expect(i(l from the velocity of diffusion ; this is because the simple 
solution is accompanied by a slow process of hydration, and it is 
obviously the latter proce.ss that determines the rate of solution. 

From an experimontid point of view there is the greatest difference 
Ixstwecn the two cases ; for if the ordy determining factor i.s the 
vohxdty of diffusion, the inllueneo of the stirring is extremely great, 
hut if slow proc(‘sses of the second kind also take place, the inHuence 
of stirring vanishes, or at any rate is diminished. 

With catalysts, which clause reaction hetweon the suhsUinees in 
(piestion to take place with practically inlinito velocity, the actual rate 
of reaction will he <h!terminetl solely by the velocity with which the 
reacting suhslances diffuse to the surface of the catalyst ; wlietlier 
such a catiilyst exists, must of course he determined separately for 
every case (Nernst, lx.). Well platinised platinum, for exajnple, 
decomposes hydrogen peroxide practically instant^ineously, so that the 
rate of decomposition of this substance is determined solely l)y the 
velocity with which it diffuses to the platinum surface ; Ileymann 
(/.r*. p. ()12) ill fact .succeeded in calculating very exactly from the 
diffusion constant of hydrogen peroxide the rate of the decomposition 
of this substance by a rotating platinum cylinder. 

'riio theory develo|MMl above has enabled chemical reaction velocities 
to he cjilculated for the first time in uUsoluto measure ; hut in sjule of 
tin? many qualitative and quantitative confirmations which it has 
r(*ceivod, it must not 1^ overlooked that in recent times observations 
have been made which at first sight do not agree at all with the theory. 
'Fhese includo, e.f/. the slow melting of (piart/^ and Marcus recently 
]mhlisho(l researches on the velocity of crystallisation. When we 
consider, however, that the hyjxithesis hiis been confirmed, not only 
for many chemical processes, hut also for such phenomena as the 
’ Tanuuuiiii, /.vi(schr. phys. Vhem. 60. 257 (1910). 



OH. V 


CHEMICAL KINETICS 


623 


evaporation and solution of substances, and partition between two 
solvents, it seems likely that the exceptions are only apparent For 
example, it is very likely that a slow chemical change is associated with 
the melting of quartz, which is certainly strongly polymerised, and 
that in general similar exceptions may be traced Imck to the occurrence 
of slow reactions in the homogeneous phase. It must be left to the 
future to show whether this explanation can be supported by experi- 
ment, and whether, as seems probable, the above hypothesis can be 
regarded as universally true. 

Marc found {Zeitschr. phys, Ghem. 79. 71 (1912), and previous years) 
that in isolated cases the velocities of solution and crystallisation remained 
the same up to the highest rates of stirring, as we should expect if the only 
important factor were diffusion through the adhering layer. The velocity 
of crystallisation was, however, often very much slower, especially in the 
case of salts capable of strong supersaturation. It is possible that the delay 
is caused by an accompanying i*eaction taking place slowly in the interior 
of the solution or of the adhering layer. The remarkable phenomena 
noticed by Marc on adding dyes to the solutions cannot unfortunately be 
considered here. 

Bodenstein and Fink (Zeitschr. phys. Ghmn. 60. 1 (1907)) have success- 
fully applied similar considerations to the union of sulphur dioxide and 
oxygen on the surface of heated platinum (^^ contact process^^). The rate of 
reaction on the surface is very great, but the latter gets coated with an 
aljHorlied skin of trioxide, so that the progress of the reaction is delayed since 
the reacting substances must diffuse through the skin. The decomposition of 
antiinony hydride (as already mentioned on p. 616) takes place in the 
al)sorbed skin, which is therefore a medium of great reaction velocity (see 
Stock and Bodenstein, Ber. 40. 570 (1907)). The adsorption law (p. 635 
ff.) is important for the proper understanding of these phenomena. 

The linear velocity of crystallisation^ i.e, the velocity with which the 
•formation of crystals situated at a point proceeds, e.g. in an undercooled liquid 
containefl in a glass tube, lias been studied by Gernez (1882), Moore (1893), 
and in a very complete manner both theoretically and experimentally by 
G. Tamiuann.^ The general behaviour is tliat it increases at first with the 
degree of undercooling, reaches a maximum, and, with great undercooling, 
diminishes ; the decrease can go so far that the velocity of crystallisation 
sinks practically to nothing, scj-tliat the undercooled liquid loses its capacity 
of crystallisation and remains ^of a glassy character. The maximum rate of 
crystallisation is, for example, for phosphorus 60,000, azo-benzene 670, 
benzo-phenone 55, salol 4, Ijetql 1 mm. per minute, it varies therefore in an 
extreme degree from one substance to another. 

According to Tammann, ^le meaning of this remarkable fact is as 
follows. In the boundary between the solid and fused substance the temper- 
ature is that of the freezing-point, so that, when the undercooling is not too 
great, the velocity of crystallisation measured corresponds to this temperature. 


^ Friedlander ami G. Tammann, Zeitsehr. phys. Ohem. 24 . 152 (1897) ; Tammann, 
ibid. 26 . 441 ; 26 . 307 (1808) ; 29 . 51 (1899). 
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and is tbei*efore independent within c<utain limits of the degree of under- 
cooling. When the undercooling in slight (less than 15") the velocity is 
small, partly on account of the impurities always present, and which are 
very iioticeahle with slight undenjooling, partly because the number of 
nuclei for crystallisation Is too small; this maktis the velocity very small if 
the und<*rc(Kiling is very slight, and causes it at lii-st to.increase proiiortionally 
to the undercooling till it reaches the maximum. When the undercooling 
is very great, the heat of fusion does not suffice to bring the boundary of 
the scjlid and fiuse^l siibstamte to the freezing-])oiiit ; this reduced temperature 
is the cause of tlie decrease in the velocity of crystallisation on great under- 
cooling. Tlnise principles have l>een ap])lied to the process of “ devitrification ” 
(spoutaueous crystallisation of amorphous substonces) by Giirtler, Zeitschr. 
anory. Chein. 40 . 268 (1904). 

Jt was of imj)ortaTice to establish the fact that slight impurities influence 
tli(! rate of crystallisation very largely this phenomenon may be used to 
decide whether a lupiid mixture which solidifies to a homogeneous mass, 
such as CaOl, 4- OIL/J or SOjj + H.p, is highly dissociated or not. In the 
lirst case, a slight addition of one of the components would alter the velocity 
of crystal] isjit ion very little, in the latter ca.se very much ; in this way 
IL^SOj is found to \hi a compound, but CaCl^^ + 6H.p a mixture. See the 
interesting study by F. A. Lidbury, ibid. 39. 453 (1902). 

The Kinetic Nature of Physical and Chemical Equilibrium. 

— In concluding this description of the progress of chemical processes, 
we will turn back again to describe tlie midiiion of equUil/i'ium. 

It has been shown repeatedly that, in the sense of the kinetic mole- 
cular theory, no condition of equililyrmm between snhtancea mpahk of miitval 
reaction am he reyarded as a static^ hut rathefi' it must he reyarded as a dynamic 
equilibrium ; and this is true whether the action is physical or emphati- 
cally cheniicalj and also whether the ccpiilibrium is established in a 
hornoyeneous or in a hctcroyeneous system. According to this view, it 
is not assumed that the material transformation has entirely ceased 
in the sUite of c(fuilibi’ium ; but only that the reaction progresses with 
the same velocity in the one <lirectioii as in the other, and that therefore 
for this reiisoii no change can be detected in the system. 

In this same way we were able to account for the equilibrium — 

{a) Between water and water vapour (p. 214). 

(/>) Between alcohol and acetic acid on the one side, and ester and 
water on the other (p. 476). 

(c) Between the molecules of the same substance existing in solu- 
tion, and in the gjiseous stjite ; and 

(d) Between the dittbrent parts of one substance distributed between 
two solvents (p. 531), etc. 

Ill all of these cases the state of equilibrium was defined by the 
statement, that at every instant the amount of the decomposition in 
the sense of the reaction equation in one direction is the same as that 
in the other direction. 

' Bogqjawlensky, ibid. 27 . 585 (1898). 
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The question now arises, Htno (frmi U thU decompoMfion in each jkie- 
ticuhr case 1 It is evident, in any event, that in the sense of the 
theoretical molecular methiKl of treatment, this question is fully 
qualified to demand a hearing, although from the nature of the case 
it may elude a direct experimental decision. It certainly would he 
very interesting to know how much ester and water are formed in 
unit time in the state of equilibrium established between these 
substances on the one hand, and how much alcohol and acetic acid 
on the other. Of course the same (piantity of ester and water must 
be formed that is decomposed in the «unc time into alcohol ami 
water. 

As a matter of fact, the answer to this (jiiestlon is possible in all 
cases where we can measure the reaction velocity of a l eaction which 
does not advance to a completion, ejj. it is possible in all of the cases 
enumerated above. 

Thus, again, let us denote by k and k' the coellicicnts respectively 
corresponding to the partial reaction velocities in the two opposite 
directions of the reaction expiation. Then the measurement of the 
actual velocity giv'cs the difierence 

k - k', 

and the measurement of the condition of equilihrium gives tlie quotient 

k 

k" 


from which both k and k^ can be calculated, and also the opposite 
decomposition in the state of e<piilibrium. 

From the velocity of esterification, which was e.\ peri mentally 
measured for eciuivalcnt quantities of alcohol and acid, we fouml that 
the diffei-ence between the coefficients amounted to 




X 

;ix’ 


and, since the undocomposed (piantity x was estimated in ecpiivalcnts, 
and the time t in days, this becomes 


;^(k-k')- 0 00575. 


Also, according to p. 49.3, 


from which, by calculation, 


-4 

I / - 


k - 0-00575. 


Now since in e<[uilibrium, J e([uivalent of alcohol and of acid arc 

2 s 
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present, therefore it follows that the velocity (previously called 
** partial of the change in the state of equilibrium is 

V = 0 005755 X i = 0 00064. 

o o 

Therefore in the system, as it exists in equilibrium, consisting of 

g.-mol. alcohol + ^ g.-mol. acetic acid + § g.-raol. ester + 

§ g.-mol. water 

in the course of a day, 0*00064 g.-mol. of alcohol and acetic acid are 
transformed ; and of course the same quantity is reformed. From 
the smallness of this number it is obvious that we are not to conceive 
of the mutual exchange as always being a very “ stormy one. Of 
course with increasing temperature (the preceding values refer to the 
temperature of a dwelling -room), the velocity of exchange will 
increase in the same proportion as k and k", i.e. very rapidly. 
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THK TKAiVSFOliMATlONS OF KNKia^Y 
(THE DOCTJHNE OF AFFINITY, II.) 

CHAFTKH J 
TJIERMO-OIIKMISTRY J 
THE APrUCATIONS OK THE FIRST LAW OK HEAT 

General Remarks. — In the preceding l)0()k.s we have considered 
the transformations of matter, in their (iepeinlence upon the relative 
(|uantities of tlie reacting substances. Inasmuch as we invarial>ly 
imagined the displacement of the e(piilibrium and the progress of the 
reaction as taking place variations in temperature were 

thus excluded, and as we also disregarded the introduction of 
electrical energy and the action of light, we could consider the 
chemical changes as being purely tnafarialy without refei’ence to their 
associated clunujeti of cnerrjf/. 

Now both the state of e<iuilibrium and the reaction velocity are 
dependent upon a number of other factors besides the relative <juan- 
tities [of the reacting substancesj ; the action of these factors collec* 
lively may be regarded as being associated with the introduction of 
enSrgy into, or the abstraction of energy from, the system considered. 
These factors are especially temperatiirey pmsmCy elcctrijicationy and 
illutnimition. 

And, conversely, a chemical change is on its j)art invariably accom- 
panied by changes of energy^ which are exhibited by a change in one or 
more of the factors just enumerated. 

By far the most important and universal of these factors are the 
actions of pressure and temperature upon chemical reaction on the one 
hand, and the development of heat and the performance of external 
work by chemical processes on the other. 

The description of these relations constitutes the subject of thermo- 

627 
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chemistry^ to which the first five chapters of this book are devoted. 
In the following chapters will be presented the outlines of electro- 
chemistry and of photo-chemistry respectively. 

Heat of Reaction. — As was stated in the introduction, in all 
processes which occur in nature, we can discriminate the following 
changes of energy : — 

1. The production or absorption of heat. 

2. The performance of external work. 

3. The variation of the internal energy. 

liCt us consider a chemical system, and assume for simplicity's 
sake that after it has experienced some material change, it has returned 
again to its original temperature, which it had before it had begun to 
change. Then, according to the law of the conservation of energy^ the 
heat developed in the change, increased by the external work A, 
performed by the system, is equal to the diminution of the system’s 
internal energy. 

Now the heat developed by a reaction can be easily measured, by 
immersing the flask containing the reaction mixture in the water of 
a calorimeter, and then conducting the reaction in a suitable way. 
The amount of the heating of the water in the calorimeter, together 
with ** the water value ” of the calorimeter itself, corresponds to the 
heat developed by the reaction. The amount of work which is 
associated with the reaction consists almost always in overcoming the 
atmospheric pressure. It can therefore be estimated in litre atmospheres^ 
from the change in volume associated with the reaction given in litres, 
and by multiplication by 24*19 can be reduced to g.-cal. (p. 12). 

The sum of the heat produce i in the reaction, and of the external wm'h 
performed, both of these quantities being expressed in g.-cal. (p. 10), we 
tvill call the “ heat of reaction ” in question : of course this can be either 
positive or negative, for heat can be either produced or absm'bed by the 
reaction, and external work can he qnrformed either against the external 
pressure, or by the external pessufe upmi the system. The heat of reaction 
represents therefore the change in total energy of the system. 

Of course, the heat developed and the work performed are ceteris 
paribus proportional to the quantity of the substance which is chan^d. 
Wherever nothing is stated to th« contrary, the heat of reaction will 
always refer to the cluinge of 1 g. equivalent. 

Thus, e.g., it is observed that in the solution of 1 g.-atom of Zn 
( - 65*4 g.) in dilute HgSO^, at 20°, there are developed 34,200 g.'Cal. 
At the same time 1 g.-mol. of H ( = 2 g.) is set free, whereby a certain 
amount of work is performed against the pressure of the atmosphere. 
Now since 1 g.-mol. of any gas at 0° occupies 22*41 litres, therefore 
at the absolute temperature T it occupies 



CH. I THE APPLICATIONS OF THE FIRST LAW OF HEAT G29 

and therefore the external work performed hy the system amounts to 
T 

22-41 = 0-0821 T litre atm. ; 

and since 1 litre atm. is equal to 24-19 g.-cfil., it amounts to 1-985 T, 
or in round numbers to 2 T g.-cal. ; therefore in the solution of Zn, 
the work of 

2(273 + 20) = 586 g.-cal. 

is performed against the pressure of the atmosphere. 

Thus the heat of reaction, or the difference between the values 
of the internal energy possessed by the system before and after the 
solution of the Zn, amounts to 

34,200 + 586 = 34,786 g.-cal. 

It can be seen from this example that even here, where a gas 
is developed, and whore the change of the volume of the system, as a 
result of the reaction, is very considerable, the external work performed 
only plays the role of a correction rahie : and that in those cases where the 
reacting and resulting substances are collectively solid or liquid, and 
the change of volume is therefore of a much smaller order of value, 
the external work is infinitesimal in comparison with the unavoidable 
errors of observation, and can be neglected. 

In the case of the combustion of hydrogen and oxygen to form 
liquid water, for every g. of H there results 68,400 cal. Now in this 
process there disappears 1-5 g.-mol. of the ga.ses ; and thus the atmo- 
spheric pressure, at the same time, performs the work of 

586 X 1-5 = 880 cal., 

so that the change in the total energy amounts to 
68,400-880 = 67,520. 


The Thermo-Chemical Method of Notation.— -When a re- 
action occurs, according to the general scheme, 

^ n^Aj + iigAg + . . . = n/A/ + nfAf + . . ., 

then there Avill be associated with it a certain heat of reaction ; let 
this amount to U when iq mols of the substance A^ unites with 
n^ mols of the substance Ag, etc. Then, according to the law of the 
conservation of energy [First Law], this will amount to - U when nf 
mols of the substance A^' unites with nf mols of the substance A,/, 
etc. The value of U corresponds to the energy-difference between the 
two systems, 

iqAj~iqA 2 + . . and iq'A/ - m^'A/ + . . . 

The content of energy of a chemical system is equal to the sum of 
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the contents of energy of the particular components. If we denote 
the content of energy of 1 mol of a substance A by the symbol 

(A), 

then the content of energy of n mols of the substance A will be 
represented by 

i.(A). 

The contents of energy of the two systems considered above will be 
denoted by the symbols 

ni(A,) + n 2 (A 2 ) + . . and n/(A/) + n/(A/) + . . 

and 

U = n,(Aj) + n,(A,)+ . . . - n/( V) - n/(A,') - • ■ • 

will denote the heat of the reaction taking place between them,, 
because U corresponds to the difference between the contents of 
energy of the two systems. 

When U is positive, i.e. when the progress of the reaction, in the 
sense of the equation from left to right, is associated with a development 
of heat, then the reaction is called “ ewthermicJ* The opposite reaction, 
therefore, takes place with absorption of heat, and is called endo- 
thermky 

Thus, e.g., the symbolic equation 

(S)-f(02)-(S02) = 71,080 

denotes that the union of 32 g. of S with 32 g. of 0, corresponds to 
the development of 71,080 cal. The formation of sulphur dioxide 
from the respective elements is therefore an exothermic reaction. 

As a rule the heat of reaction of substances reacting in dilute water 
solution is measured. The energy content of a substance A, which is 
dissolved in a large quantity of ivater, is denoted by the symbol 

(A aq.). 

(aq. = aqua), and therefore the quantity of heat which is developed by 
the solution of 1 mol of A in a large quantity of water, the so-called 
“ molecular heat of sohition,^^ is expressed by 

U = (A) (Aaq.). 

Thus, e.g., the meaning of the thermo-chemical equation, 

(HCl aq.) + (NaOH aq.) - (NaCl aq.) = 13,700, 

is, that by neutralising 1 equivalent of HCl by 1 e(piivalent of NaOH 
in dilute solution, there are developed 13,700 g.-cal., the so-called 
“ heat of neutralisation.^^ 

It is customary to shorten the preceding method of notation in 
those cases where the resulting condition of the system, after the end 
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of the reaction, can be seen directly from a description of the original 
condition. In such a case, the difference between the energies con- 
tained by the system in its original and in its final condition is 
denoted by enclosing the formulae of the reacting substances in a 
common bracket, the formulae being separated by eommas. Thus, 
instead of 

(S) 4- (02)-(S02)- 71,080, 
we write the shorter form 

(S,02) = 71,080; 

and instead of 

(HCl aq.) + (NaOH aq.) - (NaCl aq.) - 13,700, 
the shorter form 

(HCl aq., NaOH aq.) = 1 3,700 ; 
and similarly in other cases. Then, of course, the formula 
- (HCl aq., NaOH aq.) 

will denote the quantity of heat which will be absorbed by the de- 
composition of a water solution of NaCl to a water solution of NaOH 
and of HCl, viz. 13,700 cal. 

The notation 

(A) + (B)-(AB) = U, 
is, of course, identical with 

(A)4-(B)==(AB) + U, 

because the thermo-chemical equations denote simply the summations 
of energy magnitudes, and accordingly we may apply the ordinary 
algebrfiic transformations to them. Thus, e.g, if, from the preceding 
ecpiation, we subtract the following one, 

(A) + (C)-(AC) + U, 

we obtain as an immediate result from the two preceding formulse, the 
equation 

(B) + (AC)-(AB) + (C) + U-U'; 


from this latter ecpiation we deduce the result that the substitution of 
B in the place of C, in the compound AC, corresponds to a heat of 
reaction of U - U'. 

We do not know the value of (A) itself, i.e, the absolute content 
of energy of 1 mol of a substanee, although sometimes the kinetic 
theory of gases leads to a (hypothetical) conception of its magnitude. 
Thus, according to this theory, the energy content of monatomic 
gases eonsist solely in the translatory energy of their atoms ; and 
this, at the temperature T (p. 201), amounts in ‘‘absolute units” to 



261,100 


T 

273* 
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But the knowledge of the total eneigy content of a substance is, for 
practical purposes, quite unimportiint, because we deal only with the 
energy differences of various systems, a knowledge of which is furnished 
by thermo chemical measurements. 

Finally, it should be noted that, for the sake of brevity, the aUmis 
instead of the molecules are often denoted in the thermo-chemical 
formulae. Thus, e,g.^ the equation 

(H^, 0) = 67,520 

does not denote the entirely unknown heat of reaction consequent upon 
the union of atomic oxygen^ but only the union of I g.-atom (16 g.) of 
ordinary oxygen with [the requisite quantity of] hydrogen. Strictly 
speaking, it would be more correct to write 

( 2 H 2 , 02 ) = 2 x 67,520, 

but error is certainly guarded against in such and all similar cases. 

The Law of Constant Heat Summation. — If we allow a system 
to experience various chemical changes, so that it finally returns to 
its original condition, then the sum of the heats of reaction associated 
with these processes is equal to zero ; for otherwise it would mean a 
loss or a gain of the total energy, which would contradict the first 
law of thermodynamics. If wo bring the system to the same final 
condition by means of two different ways, then the heat of reaction 
must be the same for both methods, i.e . — 

ThCi energy differences between kvo identical conditions of the system 
must he the same, indcpemiently of the way by which the system is transferred 
from one condition to the other. 

It is particularly worthy of notice that this theorem, which of 
course holds good, not only for all chemical processes, but universally, 
was clearly stated by ITess^ as ^^the law of constant heat summation, 
and experimentally proved by him as early as 1840; and this was 
before “ the law of the conservation of energy had emerged from the realm 
of hazy anticipation, over the threshold of the consciousness of the 
scientific world. 

The following example will illustrate ^^the law of constant heat 
summation.^' 

We will consider a system, consisting of 1 mol of ammonia 
(NH3), 1 mol of hydrochloric acid (HCl), and a large quantity of 
water in the two following conditions ; — 

1. Where the three substances exist separate from each other. 

2. Where the three substances form a homogeneous solution of 
ammonium chloride in a larger quantity of water. 

We can pass from the first to the second condition in two different 
ways : thus, on the one hand, the two gases [HCl and NH^] can unite 

^ Ostwald’s Klassiker, No. 9. 
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to form solid ammonium chloride, and then this can be dissolved in 
water ; or, on the other harul, the two gases can be separately absorbed 
by water, and then the resulting solutions can be caused to neutralise 
each other. The respective heats of reaction are as follows : — 


Tlie First Way. 

(NH 3 , HC1)= +42100 cal. 
(NHiCl, aq.)= - 3900 „ 

{NH 3 , HCl, a(j.)= +38200 cal. 


The Second Way. 

(NHj, aq.)=+ 8400 cal. 
(HCi, aq.)=+ 17300 „ 
(NHg, aq., HCl aq.)= +12300 „ 
(NHg, HCl, aq.)= +38000 cal. 


As a matter of fact, the energy difference between the initial and 
the final states of the system is the same in both cases, within the 
limits of error. 

The theorem of “ the constancy of the heat summation ” is of the 
greatest importance and widest application in practical thermo- 
chemistry. Only very few reactions are suited for a direct investiga- 
tion in the calorimeter, because it is absolutely necessary for exactness 
of measurement — 

(a) That the reaction shall be such as can be easily effected. 

(b) That it shall take place quickly, in order to avoid a large loss 
of heat from radiation. 

(c) That the reaction shall be free from side reactions, which cannot 
usually be taken into consideration. 

But even in those cases, where the conditions of quickness, com- 
pleteness, and simplicity of reaction are not fulfilled, it is usually 
possible to accomplish the purpose in indirect ways ; thus, by the 
assistance of certain suitable intermediate substances, the system can 
be transferred from the one condition to the other, the energy-difference 
between which is to be measured. Thus it is not possible to determine 
directly the energy-difference between charcoal and diamond, because 
the tiansformation of one modification into the other cannot be 
accomplished. But if we can change charcoal and diamond into the 
same compound by means of an intermediate substance, then the 
difference between these two quantities of heat gives the heat value 
for the conversion of one modification into the other. 

Such an injbermediate substance, and one which is very commonly 
used, is o.rygen. Thus, e,g., the different modifications of carbon when 
burnt in “the calorimetric bomb” (see below), gave the following 
results : — 


Amorpliotis carbon 

Graphite 

Diamond 


97650 

94810 

91310 


Dift. 

2840 

500 


This table means that 2840 cal. would be developed by the 
conversion of 12 g. of charcoal into graphite; and 300 cal. by the 
conversion of 1 2 g. of graphite into diamond. 
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In a similar way, the “ heats of formation of organic compounds 
can he ascertained from the respective heats of combustion in oxygen. 
By this process the compound, whose “ heat of formation ** is unknown, 
is changed into compounds (COg, I^O, etc.), the heats of formation of 
which are known. 

The energy -difference between (Hg, Ig) and 2(HI) is also not 
obtainable by a direct measurement, because ^drogen and iodine unite 
with each other only very slowly. But suppose — 

(</.) That we dissolve the hydriodic acid in water. 

(h) That we neutralise it with potassium hydroxide. 

That we set the iodine free by means of chlorine. 

(d) That we decompose the potassium chloride which is formed 
into potassium hydroxide and hydrochloric acid. 

(e) That we decompose the hydrochloric acid which is formed again 
into chlorine and hydrogen. 

Then by means of the intermediate substances HgO, KOH, and 
Clg, we can proceed from gaseous hydriodic acid to free hydrogen and 
free iodine ; and we can do it by means of reactions which progress 
quickly and smoothly , in one sense m' in the other, each one of which there- 
fore has a heat of reaction capable of good measurement. 

In fact, the heat of formation of gaseous hydriodic acid has been 
determined in this way. 

The Influence of Temperature upon the Heat of Reaction. — 

If we allow the same reaction to occur, once at the temperature tj and 
again at the temperature tg, then the heat of reaction will be different 
in the two cases ; let it amount to and Ug respectively. 

Now we can imagine the following cyclic process to be carried out. 
Let the reaction occur at the temperature t^, whereby the quantity of 
heat Uj will bo developed ; then we raise the temperature of the 
system to tg, whereby there is required the introduction of (tg - tjc' 
cal. of heat, where c' denotes the heat capacity of the substances 
resulting from the reaction. 

Now let the reaction occur in the opposite sense at tg : this process 
is associated with the quantity of heat Ug \ then let the system be 
cooled to t^, whereby the quantity of heat (tg - t^)c will be given off, 
where c denotes the heat capacity of the reacting substances. The 
system has now returned to its original condition. 

Now the law of the consermtion of energy recpiires the relation, that 
the heat absorbed by the system shall be the same as that given out ; 
that is, that 

^‘2 ~ (^2 ““ 


U2 -U1 


= c - c , 


and hence 
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that is, the excess of the heat capacity of the reacting s^ihsfances, over the heat 
capacity of the resulting substances, gives the increase of the hegt of reaction 
per degree of temperature elevation. 

Now the specific heats of the substances taking part in the reaction 
equation are obtainable by direct measurement ; therefore the tempera- 
ture coefficient of the heat of reaction can be determined much more 
exactly in this indirect way than is possible by a direct measurement 
of the heat of reaction at two different temperatures. The preceding 
equation, moreover, follo.ws directly from the application of the 
universal theorem developed on p. 9. 

On p. 171 we arrived at the result that the specific heats of solid 
compounds constitute an additive property ; or, in other words, in the 
union of solid substances to form solid compounds the heat capacities 
remain unchanged. Then, according to what has preceded, this law 
can be extended thus : — 

The heat of combination of solid substances is almost independent of the 
tenvperature. 

At low temperatures, where Dulong and Petit's law no longer 
holds, the temperature coefficient may become considerable. 

Thermo-Chemical Methods. — In general, the thermo-chemical 
methods are those of calorimetry, the fundamentals of which will be 
found described in every text-book of physics. The waier-calmimeier 
is used altogether most frequently; although sometimes, in recent 
work, use has been made of Bunsen's ice-calorimeter, especially when the 
measurements concern very small quantities of heat. The values 
obtained by means of this last apparatus of course hold good for 0“, 
and therefore are not directly comparable with those obtained by 
means of the water-calorimeter, which usually refer to a temperature 
somewhere near 18"*. In the comparison of different observations, 
notice should be given to the remarks concerning the unit of energy 
on p. 10. 

Here, as in all cases, we assume the calorie referred to water at 18" 
as imit. 

Now since, in the case of those chemical reactions which occur 
very quickly, a certain amount of time elapses before the reaction- 
heat becomes uniformly distributed through the calorimeter, a 
correction must be made for the heat absorbed, or that given off by 
radiation during the reaction. As is well known, this correction is 
determined by observing the course of the thermometer from some 
time before the beginning of the particular experiment till some time 
after its close.^ This correction involves a dangerous source of error 
in thermo-chemical measurements, and therefore the conditions for the 
investigation must be so arranged that the amount of this correction 

^ For more particulars see the handbooks of physics, or, e.g., Ostwald, Allg. Ohem., 
2ud edit. p. 672 (1891). 
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shall be as small as possible. This end will be obtained by paying 
attention to the following conditions: — 

1. The reaction, the heat of which is to be determined, must take 
jdace as (piickly as possible. 

2. The heat capacity of the calorimeter must be as great as 
possible, and thus the change of the 
temperature of the calorimeter, result- 
ing from the heat developed by the re- 
action, will be made as small as possible. 

The second condition requires the 
use of a sensitive thermometer in order 
to determine the changes of temperature 
very accurately, e.g. within xiyVol'^ 
of its amount. The thermometer de- 
scribed on p. 281, and recommended by 
Beckmann, is very well suited for this 
purpose; by the use of this thermo- 
meter differences of y^^^^th of a degree 
can be estimated, and exact measure- 
ments can therefore be made when the 
rise in temperature is one degree or 
even less. 

The accompanying cut (Fig. 39) 
shows a model of a calorimeter which 
can be constructed out of simple- 
mate rial, as recommended by Ostwald. 
The writer can recommend it from 
experience.^ 

A narrow beaker glass, which is cut 
down somewhat at the upper end, rests 
on cork supports fastened with shellac 
to a second larger beaker. Through 
a wooden cover which rests upon the outer beaker there pass a 
Beckmann thermometer, a thin test-tube in which the reaction is 
to be effected, and a stirring apparatus made of brass or better of 
platinum, and provided with a handle of some non-conducting material 
(as ebonite, wood, or the like). 

If it is desired to measure heats of dilution or solution, the 
substance in question is placed in the test-tube ; then after the 
temperature equilibrium is establislied, the bottom of the test tube is 
punctured with a glass rod. 

An advantage of this apparatus is its transparency. Again, if the 
capacity of the inner beaker is about a litre, then the “ water-value ” 
of the glass, the stirrer, the thermometer, and all, amounts to only a 
few per cent of the total heat capacity. 

^ Zeitschr. phys. Chem. 2. 53 (1888). 
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With slight changes, the calorimeter described may be employed 
also for the measurement of specific heats, of heats of fusion, etc. If 
one operates with salt solutions, it is important to notice the rule 
regarding the heat capacity given oh p. 104. 

Stoinwehr has described an apparatus ^ capable of measuring very 
small quantities of heat for studying the thermo-chemistry of dilute 
solutions. 

Kegarding the determination of the heat of combustion, wo will 
say something more later. A method for the theoretical calculation 
of the reaction-heat from the change of chemical equilibrium will be 
considered in the second and third chapters of this book. 

As a matter of history, it should bo noticed that besides Hess, 
Andrews, Graham, Marignac, Favre, Silbermann, and others, the 
thermo-chemical investigation of the most varied reactions has been 
systematically carried out by J. Thomsen in Copenhagen since 1853, 
and Berthelot in Paris since 1865.“ 

Oases and Solutions. — As the intei nal energy of gases, as already 
shown (p. 45), does not change with their volume, the heat of reaction 
is independent of the density of the reacting gases. Also the inter- 
mingling of gases is without influence. Of course these laws hold 
good only when no external woi*k is j)erformed, such as forcing back 
tile atmospheric pressure. When this happens, then the reaction-heat 
is diminished by an amount which is equal to the work performed 
against the atmospheric pressure (p. 629). In the case of strongly 
compressed gases which are cooled by simple expansion (without the 
performance of external work), the preceding laws no longer hold 
strictly true. 

A complete analogy is fo\ind in the conduct of dilute solutions. 
Since the energy of dissolved substances is independent of the concen- 
tration (p. 145), therefore the latter 1ms no influence on the readion- 
heat of a dissolved substance. The energy of “(A aq.)’^ is independent 
of the dilution of the solution, and herein lies the authority for the 
introduction of this symbol (p. 630). 

Thus, e.g.y if the heat of solution of a substance in a large quantity 
of water is determined, this heat of solution itself is independent of 
the quantity of water used ; if the heat of comhinatum of a metal with 

^ XeMschr. phys. (Jhein. 36. 185 (1901); cf. also Riinieliii, /)isserta(io7i, Gottiiijfeii, 
1905. 

^ Thomsen has collected his measurements in the work entitled Thervio-chemMie 
UntersiAchungen^ Leipzig, 1882-86; and Berthelot has collected his in his JUssai de 
m^canique chmique^ Paris, 1879. See al.so Naurnann, TJieinnochemie^ Braunschweig 
(Brunswick), 1882; and H. Jahn, TMrmocheme, Wien (Vienna), 1892. Thermo- 
chemical data collected from different observers will he found in the Chemiker:kaleiider^ 
etc. The figures given in what follows are largely taken from the critical and very 
complete collection made by Ostwald, Allg. Chevu 2. Aufl. (2nd edit.), IT. Leipzig, 1893. 
Berthelot gives a new collection of data in his Thenmchimie^ Paris, 1897, and J. Thomsen 
in Themwchemische Untersuchungen (German by J. Tran be), Stuttgart, 1 906. 
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an acid is determined, this heat is independent of the concentration of 
the acid when the latter is dissolved in a large quantity of water, etc. 

But this rule ceases to hold good for concentrated solutions when 
these exhibit marked heat phenomena on dilution. Thus, e.g.^ the 
heat of solution of zinc in concentrated sulphuric acid is very different 
from that in the dilute acid. 

The heat of dilution has already been discussed (p. 111). We will 
only recall here that the following equation for example — 

(H^SO, + 3 H 2 O) + 2(H20) - (HgSO, 4 - 5 H 2 O) =. 1970, 

states that by the addition of two more mols of HgO to a solution 
having the composition (HgSO^ + SUgO), there will be" produced 1970 
g.-cal. Moreover, the heat of dilution may be 'positive^ as in the case 
of sulphuric acid ; or negative^ as in the case of saltpetre. 

The Changes of the State of Aggregation. — When a sub- 
stance changes its state of aggregation, whether the change consists in 
evaporation, solidification, sublimation, or finally in a change from one 
modification to another, the changes are always associated with a 
change in the content of energy ; and therefore the reaction-heat also 
is changed to the same amount. 

In the case of I'eactions where precipitates are thrown down, the 
state of the latter must be especially considered. Thus, e,g,, if mercuric 
iodide is precipitated from a solution of mercuric chloride by a solution 
of potassium iodide, the yellow modification at first separates, but then 
quickly changes to the red variety with the accompaniment of an 
additional heat of reaction. 

Thus, e,g,, the energy -diftereuce between water at 100 ’, and water- 
vapour at the same temperature, is expressed by the equation 

(HgO) - (II 2 O) - 536-4 X 18 - 2 x 373 - 8910 ; 

Ijiqiiul Gas 

because the heat of evaporation of 1 g. of water was found to be 536*4, 
and the external work performed was shown to be 2T - 746. 

The energy-difference between ice and liquid water is 

(H20)-(H20)=:79 X 18 = 1422, 

Solid Liquid 

because 79 cal. are set free in the freezing of 1 g. of water. On 
account of the slight change of volume, the external work performed 
here has only a minimal value. 

The energy-difference between 1 g.-atom of the orthorhombic and 
the monoclinic modification of sulphur amounts to 

(Sr)~(Sm) = 32 X 2-40= 76-8. 

rhus in all thermo-chemical statements where a doubt can exists informd- 
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tion should he given respecting the state of aggregation^ w the modification of 
the reacting substanceSy or of those produced. 

The Heat of Solution. — By the “ heat of solution is meant, as 
already stated, the quantity of heat produced by the solution of 1 g. 
of a substance in a large quantity of the solvent. If the heat 
of dilution of a substance is known, then of course it is possible to 
calculate the heat evolved on its solution in any quantity of the solvent, 
however small. The quantity of heat observed when the substance 
is dissolved to exact saturation is always more or less different from 
the heat of solution as defined above ; and sometimes it has a sign 
opposite from that of the heat of solution. 

The heats of solution of gases include the external work : therefore 
in order to obtain the heat of true solution, the quantity -i- 580 must 
be subtracted. 

All of the gases thus far examined dissolve with evolution of heat. 
This is also usually true of liquids ; while solid substances sometimes 
dissolve with a development of heat, but more often with absorption of 
heat. 

: The explanation of this is simple. Starting with the very probable 
assumption that a gaseous substance always has a positive solution- 
heat, then in the liquid state it will dissolve either with absorption oi* 
with evolution of heat, accoi*ding as its heat of vaporisation exceeds the 
heat of solution, or not. And similarly, the signs for the solution-heat 
of substances in the solid state are conditioned by the difference between 
their heat of sublimation and heat of solution in the gaseous state. 

The general rules for the solution-heat of the different sbites of 
aggregation as just given therefore mean that, as a rule, tlic heat of 
solution in the gaseous state is greater than the heat of vaporisation ; 
but it is usually smaller than the heat of vaporisation plus the heat of 
fusion, i.e. it is smaller than the heat of sublimation. 

In generaly ami cspeckilly in comparing substances which are chemically 
analogous, and difficultly solnhle, tJm heat of precipitation ( = the negative 
value of the heat of solution) is the greater the moi'e insoluble the substance is,^ 

We will consider later a method for the determination of the heat 
of solution of salts which are soluble with difficulty. The difference 
between the solution-heats of one substance in two solvents would, of 
course, allow the calculation of the heat phenomena in the distribution 
of one substance between two solvents (p. 531). 

The Heat of Formation. — By the “ heat of formation ” of a chemical 
compound is meant the quantity of heat which is given off in the formation 
of the compound from its component elenunts. 

This is the thermo-chemical characteristic of the compound in question. 
If the “ heats of formation ” of all the substances which participate in 
^ Thomsen, Jomn. prakt, Cheni. [2], 13. 241 (1876). 
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any chetriical reaction are known, then the heat of reaction is also 
known. For we can first imagine the particular substances standing 
on the left side of the reaction equation to be decomposed into their 
respective elements ; and then imagine the elements to unite to form 
the subsbinces standing on the right side of the reaction equation. 
Then in the first of these stages there would be absorbed a quantity of 
heat which would be equal to the sum of the ‘‘ heats of formation 
of all the substances standing on the left side of the equation ; and 
in the second stage thei*e would be developed a quantity of heat equal to 
the sum of the heats of formation ” of all the substances standing on 
the right side of the equation. It is a matter of indifference whetlier 
the chemical process actually takes place in this way or not ; because 
the change in the total energy of any system is independent of the way 
in which the change is accomplishe<l. We thus obtain the law that — 

The heat of reaction is eqiud to the sum of the heats of formation of the 
substances farmed^ minus the sum of the heats of formation of the substances 
used up. 

Here will be given some heats of formation which will find 
applicatioti in subsequent calculations. The figures refer to constant 
volumes, i.e. they are corrected for the external work performed, 
whatever it may be. The remarks in the last column refer to the 
condition of the reacting substances. 


lloactioii. 

Hoat of ll(^action. 

Ilomarks. 

H3^ 

67520 

Licpiid water. 

C + 0.,-:C0., 

+ 94:100 

Diamlmd. 

0+^0, = 00 

+ 26600 


kS + 02 --=S 0 o 

4- 71080 

Rhombic sulphur. 


+ 38600 

Gaseous fluorine. 

iH.,4 4013 = HCl 

+ 22000 

,, chlorine. 


+ 8400 

Lhpiid bromine. 

in.2+i=in 

- 6100 

Solid iodine. 

.\N2 + 1*5FI., = T^H, 

+ 12000 



- 21600 



- 7700 

Dissociated nitrogen dioxide. 

N2 H2O2 -N2O, 

- 2600 

Bi- molecular nitrogen dioxide. 

K hF-KF 

-f- 109500 


K + C1 = KC1 

-f 105600 


K + Br=KBr 

+ 95300 


K+i=ja 

+ 80100 



The rise of temperature due to a reaction {e.g, flame temperatures) can he 
calculated from the heat of reaction and the thermal capacity C of the 
resulting products ; for 

[cdt = q 

where t^ is the initial, t the final teiniJerature. The variation of C with 
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temperature must of course be known. See Nernst and Schonflies, Math^m, 
BehandL d, Naturwissensch. 6th edit. p. 152, Munich, 1910. 

The Heats of Combustion of Org^ic Compounds.— The 

work of the investigators previously mentioned enables us to infer 
the heat of reaction of almost all the more important reactions of 
inorganic chemistry, directly from the table, or else to calculate them 
indirectly ; yet, on the other hand, we do not find ourselves so 
fortunate regarding many reactions of the carbon compounds. The 
reason for this is that the number of reactions which take place 
quickly, and without the formation of side products, which conditions 
are essential for thermo-chemical investigation, is very much smaller in 
organic than in inorganic chemistry. There is only one reaction which 
occurs quickly and smoothly in all cases, namely, tJie emnbustion of the 
substance in an excess of o-xygeny whereby all the carbon is oxidised to 
carbon dioxide, and all the hydrogen to water. Therefore, on the 
whole, organic thermo-chemistry employs the same reaction which has 
been long used in analytical chemistry, i.c. conibmiioti. 

The experimental method followed almost exclusively at present 
consists in enclosing the substance in a well -enamelled, steel vessel, 
which is filled with oxygen under a pressure of about 20 atm. ; then 
the substance is ignited by an iron wire made incandescent by an 
electric current (Berthelot’s calorimetric bomb) : the whole apparatus 
is immersed in a wai&t' calorimeter, which absorbs the heat developed.^ 

In this way the heat of combustion at comtant volume is obtained, or 
simply the heat of combustion which corresponds to the change of 
total energy. The heat of combustion at constant pressure still 
includes the, so to speak, accidental amount of external work, and is 
obtained by subtracting from the former as many times “ 2T ” as the 
number of molecules produced exceeds those which disappear. 

The heat of foi'mation may be calculated from the heat of combustion 
by subtracting the latter from the sum of the heats of formation of 
the resulting liquid water (67,500 per mol) and carbon dioxide 
(94,300 per mol), and of the sulphurous acid formed, if any (71,100 
per mol) ; and thus by the use of these figures we obtain the heat of 
formation from diamond, gaseous oxygen and hydrogen, and finally, 
from rhombic sulphur, at the temperature of the experiment. 

Now, since the heats of combustion have been determined for the 
most important organic compounds, the heats of formation are also 
known • and therefor^, according to p. 639, the heats of all reactions 
between these compounds can be calculated. Therefore it is never 
necessary to calculate the heat of formation, for the heat of every 
reaction can obviously be obtained, from the sum of the heats of com- 

1 The recent investigations of B. Fischer and Wrede have shown that extremely 
accurate measurements can be made with this apparatus (iHtzungsber. kgl. preuss. Akad. 
Wiss., Berlin, 1908, p. 129). 
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bastion of the substances which have disa'p^eared, minus the sum of the heats 
of combustion of the substances formed. 

But the results of such calculations are often very inexact, because 
the heat of reaction is obtained as the difference between magnitudes 
which differ only slightly ; and of course the errors of observation in 
these cases amount to a very considerable percentage. 

Thus, e.g,, the heat of combustion of furmric acid was determined 
to be .‘520,300, while that of the geometrical isomer, maleic acid, is 
326,900. Therefore the transformation of maleic acid to the more 
stable fumaric acid will develop 6600 calories. But this latter number 
is extremely uncertain, for if tlie error of observation in the deter- 
mination of the heats of combustion amounted to only 0*5 per cent, 
even then the uncertainty in their difference would amount to nearly 
50 per cent. 

Keference has been already made (p. 349) to the relation between 
constitution and the heat of combustion. The heats of combustion of 
some important substances are given below; they are expressed in 
large calories ( » 1000 cal.), in order to avoid the repetition of ciphers. 


Ethyl alcohol ..... 340 

Mannite ..... 727 

Colliilose . . . . . 680 

Cano sugar ..... 1365 

Acetic acid . . . . . 210 

Bonzoio acid . . . . 772 

Ethyl acetate ..... 5.54 

Urea ...... 152 

The formation of ethyl acetate from the acid and alcohol, accord- 
ing to those figures, would correspond to a heat of reaction of 

340 + 210- 554--= - 4, 


which is quite a small amount. 

The Thermo-Chemistry of Electrolytes.— The hypothesis of 
electrolytic dissociation has thrown new light on the meaning of the 
heat of reactions which take place in salt solutions ; and some rules 
which wore previously discovered in an empirical way find a simple 
explanation as necessary deductions from the theory. 

If two solutions of electrolytes, which are completely dissociated, 
are mixed, there is of course no development of heat, provided that the 
ions of the two electrolytes do not unite to form an electrically neutral 
molecule nor a new ion complex. This case is illustrated, e.g,, in the 
mixture of most salt solutions. 

Experiment establishes the conclusion. The so-called Law of the 
thermo-neutrality of salt solutions is nothing else than an expression of 
the experience that no heat phenomena result from the mixture of salt 
solutions {provided that no iwecipitate is produced). 

Let AB and A'B' be two salts which obey the “ law of thermo- 
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neutrality.’^ Then no noticeable heat of reaction will result from their 
mixture, thus 

(AB aq.) + (AB' aq.) = (AB, A'B' aq.). 

A similar thing also holds good for the mixture 

(AB' aq.) + (A'B aq.) = (AB', A'B aq.). 

But now the two resulting solutions, which are expressed by the 
symbols standing on the right sides of the two equations, are identical ; 
therefore 

(AB aq.) - (AB' a(i.) - (A'B aq.) - (A'B' aq.) ; 
or, in words — 

The difference between the heats of fm'nuitum of any two salt solutions 
having a common ion is a constant which is characteristic f&i' the two other 
radicals^ and is independent of the miiure of the common ion. 

Thus, e.g.j 

H +CUaq. -(HClaq.) + 39320 

H -hi +aq. =(HIaq.) + 13170 

Cl -f (HI aq.) = I + (HCl aq.) + 26150; 

and 

K+Cl + aq. =(KClaq.) +101170 

K + I +aq. =(KIaq.) j- 7^20 
Cl + (KI aq.) = I + (KCl aq.) +“ 26150. 

As a matter of fact we find that 

(HI aq.) - (HCl aq.) = (KI aq.) - (KCl aq.) ; 

and thus if the iodine in a dilute aqueous solution of an iodide is 
replaced by chlorine, the same deyelopment of heat is always observed, 
namely, 26,150 cal. In this case, of course, one is always concerned 
with the same reaction, namely, the replacing of the iodine ion by the 
chlorine ion. 

But, on the other hand, if the iodine in dissolved potassium iodate 
(KlOg) is replaced by chlorine, an entirely difterent heat of reaction 
is observed — the absorption of 31,700 cal. instead of the develop- 
ment of 26,150 cal. ; for here iodine and chlorine are not ions, and 
therefore an entirely different reaction occurs. 

The case is quite different where the mixture results in the union of 
ions to fm'm electrically nmtral molecules, which may remain in solution j)r 
be removed. 

We have already met the most important example of this case in 
the pveess of neutralisation on p. 554. If a strong acid is mixed with 
a strong base, the hydrogen ions and the hydroxyl ions unite almost 
completely to form molecules of water. The negative ion of the acid and 
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the positive ion of the hose remain free if the salt produced by their 
union is highly dissociated (as, is always the case with univalent 
bases and acids). 

We thus obtain the important result that — 

The neutralisation of a strong acid hy a strong hose must always exhibit 
the same heat of reaction. 

The following table shows how remarkably the theorem is proved 
by experiment : 


Table of the Heats of Neutralisation of Acids and Bases 


Acid and Base. 

Heat of Neulialisation. 

Hydrochloric acid and sodium hydrox. . 

13700 

Hydrobromic ,, ,, ,, ,, 

13700 

Nitric ,, j. »» •» 

13700 

Iodic ,, ,, )) . . 

! 13800 

Hydrochloric ,, ,, lithium ,, , 1 

13700 

„ ,, ,, iwtassiuni,, 

13700 

,, ,, n barium ,, 

1 13800 

,, „ ,, calcium „ . • i 

1 

1 13900 


In the case of the di-acid bases the figiu*es do not, of course, refer 
to a molecule, but only to one equivalent of the base. Neglecting the 
slight correction required by the incomplete dissociation, these figures 
simply mean that they give the heat developed by the reaction 

H -t- OH = HgO ; 

or, ill the language of thormo-chomistry, wo obtain 
(H aq., OH aq.)= 13,700. 

When the acid or the base is only partially dissociated electrolytkally, 
then the heat of neutralisation changes by the amount of energy which 
comes into play in splitting the molecules into the ions. In fact, the 
following examples show that the heat of neutralisation assumes notice- 
ably different values under these circumstances. Thus the heats of 
neutralisation of the following weak acids, by sodium or potassium 
hydroxide^ are as follows : 


Acid. 

Heat of Neutralisation. 

Heat of Dissociation, 

Acetic acid .... 

13400 

-f 300 

Diehl orace tic acid . 

14830 

-1130 

Phosphoric ,, 

14830 

-1130 

Ilydroliuoric ,, 

16270 

-2570 
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If these acids were completely dissociated we should obtain a heat 
development of 13,700 cal. in the neutralisation. The deviations from 
this normal value are to be ascribed to the electrolytic dissociation. 
The differences are given in the last column ; these denote the respective 
quantities of heat which ivould be required for the electrolytic dissociation of 
the acids in question. These figures only claim to be approximately correct, 
because, on the one hand, the differences between magnitudes which 
are not very far apart are attended by considerable errors of observa- 
tion ; and on the other hand, the calculation is based on the faulty 
assumption that the acid is not at all dissociated, and that the base 
and the neutral salt are completely dissociated.^ Nevertheless, these 
figures, which we shall obtain in a perfectly independent way in the 
following chapter, are well suited to give us a conception of the 
amount of the changes of energy which are associated with the separation 
into ions. 

Of course it happens in all these changes that sometimes heat 
will be absorbed, and again it will be set free ; and conversely, that in 
the union of ions to form electrically neutral molecules, sometimes 
heat will be developed, and again it will be absorbed ; and that the 
final absolute amount is not very great in any case. 

On neutralising ammonia, a base which is only slightly dissociated, 
with a strong acid, there results a heat development of 12,300 cal. ; 
therefore the heat required to ionise ammonium hydroxide is estimated 
to be 

13,700- 12,300= + 1400 cal. 

The calculation of the most general case, where neither the hase^ nm' 
the acid, nor the neutral salt formed is completely dissociated, is as 
follows : 

Let the degree of dissociation of the acid be aj^, and let that 
of the base BOH be ug ; now from the mixture of the acid and alka- 
line solution, each of which contains one equivalent, there results an 
equivalent of the salt BS j let the degree of dissociation of this salt 
be a; there also results a molecule of water in the sense of the 
equation 

SH + BOH = BS + HgO. 

Now the heat of neutralisation is made up as follows : 

1. From the heat of dissociation x of water. 

2. From the heats of dissociation of the acid, and Wg of the 
base, which participate to the respective amounts of 

W,(l-a,), andW2(l-a2)- 

^ The heat of dilution of some weak acids in dilute solution, from which the heat of 
dissociation may be calculated, has been measured by E. Petersen {Zeilschr. phys. Chem. 
11 . 174 (1893) ; see also v. Steinwehr, l.c. p. 596). 
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3. From the heat of dissociation W of the salt, which participates 
to the extent of 

W(1 - a). 

Now by observing that the acid and the base are electrolytically 
dissociated in the solution, and conversely, that the water and the 
undissociated salt are formed by the union of ions, we obtain as tho 
expression for ** q ” the heat of neutralisation, 

q = X + W(1 - a) - W,(l - a,) - - a^). 

If we mix highly dissociated salt of a weak acid with a strong e/t' add, 
we have a process which is comparable with the neutralisation of a 
strong acid by a strong base ; because in both cases, in consequence of 
the mixture, two ions unite smoothly to form an electrically neutral 
molecule. 

Thus if we mix, e.g.^ a sodium salt of the weak hydrofluoric acid 
with hydrochloric acid, then the reaction progresses almost completely 
in the sense of the reaction 

H + F = HF, 

and tho heat of reaction observed is that of this reaction. Thomson 
found that 2360 cal. were associated with this mixture, a value which 
is only slightly different from tho value given above for the heat of 
dissociation of hydrofluoric acid ( ~ 2570). 

If the foi'^niation of an insoluble p'ecipitate results from the union of 
two electrolytes which are completely dissociated, then the negative 
value of the observed heat of reaction corresponds, of course, to the 
heat of solution of the precipitated substance. Thus, e.g., if wo mix a 
silver salt and a chloride, solid silver chloride is precipitated, and, 
according to Thomsen, a heat development of 15,800 cal. is observed, 
which corresponds to the simple reaction 

Ag + a - AgCl. 

Dissolved Soli<l 

Finally, wo would observe that it is possiide to calculate the heat 
of reaction on mixing any solutions, provided that we knenc the heats 
of dmodation, and the heats of solutmi, of all the molexular species which 
come into considei’ation. 

According to the principles developed in Chap. IV. of the pre- 
ceding book, we can predict the progress of the reaction from the 
dissociation constants, and from the solubility coefficients, of all the 
molecular species which are to be considered. But if we know to 
what extent electrolytic dissociation and the formation of precipitates 
have taken place, and if wo know the heat value of each of these 
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processes, then of course we can state the heat of reaction of the total 
process. 

In thermo -chemical relations the heats of dissociation and of 
solution go hand in hand with the coefficients of dissociation and of 
solubility. The following chapter will give us the interesting result 
that these pairs of magnitudes are closely related. 



CHAPTER II 
THERMO CHEMISTRY II 

TEMPERATURE AND COMPLETE CHEMICAL EQUILIBRIUM 

The Application of the Second Law of the Mechanical Theory 
of Heat : Historical. — The application of the second law of 
thermodynamics to chemical processes was a step of fundamental 
significance, because we obtained thereby for the first time an insight 
into the relations between chemical energy^ heat, and capacity for external 
work ; and for the first time were enabled to deal with the questions, 
how far the energy which is set free in chemical processes is convertible 
without limitation, and whether it is more of the nature of heat or 
more of the nature of kinetic energy of moving masses ; and although 
it is not possible to give a satisfactory answer to these questions in 
every special case, yet it is possible to outline clearly the way leading 
to a systematic mode of attack. 

The honour of having first considered chemical processes, and 
dissociation in particular, from the standpoint of thermodynamics, 
undoubtedly belongs to A. Horstmann,^ who demonstrated clearly the 
fruitfulness of the mechanical theory of heat in this region by the 
success of his calculations. Almost at the same time there appeared 
a very remarkable investigation by Loschmidt,^ who had already 
recognised that isothermal distillation was a way by which a chemical 
process could be conducted isothermally and reversibly. He also 
discussed the process of chemical solution. 

Then shortly afterwards the problem was treated very thoroughly, 
and, from one point of view, finally, by J. W. Gibbs;® but, un- 
fortunately, the calculations of this author were much too general in 
character to be capable of a simple and direct application to special 
cases of investigation. 

1 Her. Deutsch. Omn. Oes. 2 . 137 (1869) ; 4 . 635 (1871) ; Lieb. Ann. 170 . 192 
(1873). 

2 Her. der Wiener Akad. 59, II. 395 (1869). 

® Trans. Conti. Acad. 3 . 108 and 343 (1874-1878); German translation by W. 
Oatwald, Leipzig, 1892, 
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Thus it came about that independently of Gibbs's work, and a little 
later, there were discovered a large number of theorems which may 
be deduced directly by specialisation of his formulas ; as for example — 
the relation between the development of heat and the temperature 
coefficient in the dissociation of a gas, and the relation between the 
development of heat and the temperature coefficient of a galvanic 
element. 

The first of these problems in particular has been repeatedly 
subjected to treatment.^ 

Of the later comprehensive treatises on the application of thermo- 
dynamics to chemical processes, reference should bo made to the mono- 
graphs of Le Chatelier,^ and especially to that of van 't Hoff,*'^ the study 
of which cannot be too highly commended, as lefvding to a more 
profound knowledge of the important and difficult problems presented 
hero. 

Mathematical deduction has gained greatly in clearness and 
elegance from the more recent methods of treatment of Planck * and 
Riecke ; ® the latter treatise is based entirely on the application of the 
thermodynamic potentidl, and therefore has unquestioned advantage for 
all those who are conversant with the potential theory of physics. 

Of course the distinctions between the various methods of treatment 
are purely conventional] one method can proceed no farther than 
another. The author's method is to endeavour to bring all in as close 
contact as possible with the results of erperimentf hoping thereby to 
make the subject in many points more intelligible than it has been 
made hitherto. 

In this and the following chapter we will describe the most 
important applications made thus far of the second law of thermodynamics 
to chemical processes, considering firstly complete chemical eqnilih'ium, 
which, according to the results obtained on p. 510, is conditioned by 
the tempei'atiire alone, and then incomplete chemical efquilibrium, which is 
conditioned not only by the temperature, but also by the rehtire 
quantities of the reacting sfcbstances. 

Qibbs’s Phase Rule.” — The “complete chemical equilibrium” 
(p. 509) had the characteristic that for every temperature there existed 
only one definite pressure at which the different phases of the system 
were in equilibrium with each other. If we change this pressure at 
constant temperature, then the reaction advances to a completion in 
one sense or the other, i.e. until one or more of the phfises are 

1 van der Waala, JieihK 4 . 749 (1880); Boltzmann, Wied. Ann. 22 . O*'* (1884) ; 
and others. 

* Recherches sur les iquilihres chimiques. Paris, 1888. 

^ Mttdes de dynamiqice chimique. Amsterdam, 1884. 

* Wied. Ann. 80. 662 ; 31 . 189 ; 32 . 462 (1887) ; we may here again refer to 
the work of Planck quoted on p. 22. 

» Zeitschr. phys. Chern. 0. 268, 411 (1890) ; 7 . 97 (1891). 
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exhausted ; if the external pressure is only changed a very little, then 
each phase maintains its composition unchanged during the reaction. 

We have already become acquainted with numerous examples of 
complete chemical equilibrium. In addition to the simplest case of 
e(iuilibrium between different states of aggregation, there belong to 
this category the dissociation of ammonium chloride, excluding an 
excess of the dissociation products, the dissociation of calcium car- 
bonate, etc. 

A very remarkable law regarding complete heterogeneous eguilihrinm 
was discovered by Gibbs in a theoretical way; it was afterwards 
thoroughly proved experimentally, and can be used as a safe guide in 
the investigation of special cases. It may be formulated as follows : 

It is necessary to assemhle AT least n different molecular species^ in 
order to construct a complete heterogeneous equilihrium consisting of n + \ 
different phases. 

Thus, in order to establish the complete equilibrium, 

Liquid Vapour 

only one molecular species (HgO) is required, because the equilibrium 
consists of two phases. 

In order to establish the complete equilibrium between calcium 
carbonate and its decomposition products (three phases), we need at 
least two molecular sjiecics, viz. COg and CaO. 

By bringing together salt arid water, we can establish the three 
phases of the complete equilibrium between the solid salt, its solution, 
and the vapour of the solution. 

But, on the other hand, if two molecular species, e.g.^ react upon 
each other in two phases only, the equilibrium will be incomplete, i.e. 
the progress of the reaction is associated with a change in the equi- 
librium pressure. Thus if we let any mixture of water and alcohol 
evaporate, the maximal pressure of the mixture changes with the pro- 
gress of the reaction in spite of keeping the temperature constant. This 
reaction would become complete if we should, e.g., allow the water 
to freeze, and so add a third phase to the system. 

Of course we can imagine the heterogeneous system in question 
to be constructed of more than “ n ” molecular species, as, e.g., in the 
equilibrium between calcium carbonate and its decomposition products, 
thus, CaCO.j, CaO, Ca, COg, etc. But to “n” must be assigned the 
minimal value, and for the preceding system this amounts to 2, whether 
we imagine the construction of the system to bo from CaO and COg, 
or from CaCO^ and CaO, etc. And thus the limitation “ at least ” is 
seen to have an essential meaning.^ 

^ If solid sal-animoniac be volatilised without excess of its products of dissociation 
NH3 and HCl the system can be built up of one kind of molecule (NH4CI) only, so that 
we may put 11 = 1 . 
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The proof of the “ phase rule ” can be shown in a simpler way 
than that given by Gibbs, ^ as follows : ^ 

Let the heterogeneous system considered consist of y phases, for 
the construction of which we need at least n different molecular species. 
We will select one phase in which all the molecular species are present, 
there always being one such phase at least. Thus, e.g.^ each molecular 
species must occur in every liqnid phase, because each molecular species 
has a definite solubility, though it may be perhaps immeasurably 
small ; and hence each species may be present in quantities which are 
too small to bo weighed. A similar thing holds good for the gaseous 
phase of the system, because every molecular species has a finite 
vapour pressure. 

Let the concentration {Le. the number of mols per litre) of the n 
molecular species in the selected phase be respectively, Cj, c^, . . . Cn. 
The composition of the phase will change in a way which is perfectly 
definite and unequivocal, if we change the external conditions of the 
system, viz. the temperature T, and the pressure p ; and of course if 
we also change the concentration of each of the particular molecular 
species. Therefore an equation must exist which so relates the 
quantities Cj, c^, . . . Cn, p, and T, with each other, that a variation 
in the value of one of their magnitudes necessitates a variation in all 
the others. We thus obtain the equation 

P> T) — 0, 

where is the symbol for any selected function of the variable con- 
sidered. 

The fact that such cliaracteristic equations are only very incompletely 
known at the present 1 inie does not impair the stringency of tlie })roof ; it 
is enough to know that there is such an equation in each case. For tvv^o 
molecular species we obtained on p. 246 a characteristic equation of the form 

f(^j> Ih 

In the present case the equations must be much more complex, not only 
because there are more kinds of molecule, but because the relative quantity 
of each substance may vary with displacement of equililu’ium. 

Every other phase of the system has its own characteristic equation ; 
but now the composition of one phase unequivocally conditions that 
of all other phases which may be in equilibrium with it ; all phases 
wliich are in equilibrium with one phase must be in equilibrium with 
each other, and this is possible only with perfectly definite ratios 
of concentration. Thus, e.g.^ it is evident that from the condition of a 

1 Trans, Conn, Acad, 3. 108 and 343 (1874-1878). 

Taken mainly from that of Riecke {Zeitschr, phys, Chevi, 0, 272), which can be 
consulted for further details. The new proof by C. H. Wind {ibid, 31. 390, 1899) 
cannot be regarded as an advance by the author. The investigator mentioned falls into 
the error of founding his proof on implicit assumptions. See the apt critique of this 
ina<lmi3sible course by A. Byk {ibid. 46. 250, 1906). 



652 


THEORETICAL CHEMISTRY 


BK. IV 


liquM phase, the composition of the gaseous phase in contact with it 
is also given. 

Therefore it follows that the compositions of all the other phases 
are definite and unequivocal functions of the same variables upon 
which the selected phase depends ; and also that for every phase there 
must exist an equation of condition of the form 

P> T) = 0. 

We obtain as many equations of condition of this sort £is there are 
phases in our system, i.e. “ y ’’ in number. 

Now the number of the variables, c^, Cg, . . . c„, p, T, amounts to 
n -H 2 ; therefore in order that they may be unequivocally determined 
by the equations of condition, which are “ y ” in number, it is necessary 
that there shall be as many equations as there are variables, i,e, it 
follows that 

y = n + 2. 

Now this amounts to stating that when n molecular species react in 
n + 2 phases^ an equation of condition is possible between all of them^ only 
when the conditions of temperature and pressure are definite and unequivocal ; 
and also when the ratio of concentration of each of the particular phases is 
perfectly definite. 

Hence the coexistence of the n-\- 2 phases occurs at a point of singularity^ 
the so-called ** point of transition ” ( Uebergangspunkt). Wo shall soon 
learn something more regarding the peculiarities of this point. 

Therefore, in order to have a complete equilibrium^ i.e. when, during 
a finite interval, for every value of the temperature T, there corre- 
sponds a perfectly definite equilibrium pressure p, and, of course, a 
perfectly definite composition of each of the particular phases, — we 
must have one equation less than the number of variables, i.e. it must 
follow that 

y = n+ 1. 

But this is nothing but the phase rule; for this result says 
that — 

The number of phtses in a complete equilibrium must be one more than 
the number of reacting molecular species. 

Finally, when 

y<n+ 1, 

then, with given external conditions of temperature and pressure, 
c^, Cg, . . . Cn, remain more or less indefinite, and therefore the com- 
position of all the phases also ; here we are dealing with an incomplete 
equilihium.^ 

The Point of Transition. — The conditions of complete equi- 

^ For apparent exceptions to the phase rule in the case of optically active bodies, cf. 
the detailed investigation by A. Byk, Zeitschr. phys. Chem. 46. 465 (1903). 
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librium require that, within a finite temperature interval, to every 
temperature point there shall correspond a definite pressure value, at 
which all of the phases of the system may be coexistent This 
temperature interval is always limited, as a result of the fact that one 
of the phases suddenly ceases to be capable of existence, and dis- 
appears from the system. Thus, e.y., to take the simplest case 
imaginable, let us study the equilibrium in the equation 

h,o:;±H20 

Liquid Ga.seoiis 

at (lifterent temperatures. Then, on the one hand, according to what 
was said above, we can follow the measurements of the vapour 
pressure of liquid water only up to the critical temperature ; and, on 
the other hand, the investigation will be interrupted at lower tempera- 
tures when we arrive at the freezing-point of water (under the vfipoiir 
pressure itself) ; beyond this liquid water ceases to be capable of 
existence, except in the labile condition of an under-cooled li(piid. 
But usually another phase appears to take the place of the one which 
has disappeared, as in the latter case, where we arrive at the new 
complete equilibrium 

h,o:;±h,o 

Solid Gas 

(sublimation of ice). 

That temperature point, where one phase of a complete hetero- 
geneous equilibrium vanishes, and another takes its place, we call “ the 
'point of transitwny Thus at the point of transition, and at the 
corresponding pressure, there are coexistent beside the others, not 
only the phases which have begun to disappear, but also those which 
are beginning to appear. 

Now, since there were n + 1 phases composed of n molecular species 
before the point of transition was reached, therefore^ at the point of 
transition itself there are n + 2 phases, each one of which is, of coiirse, made 
up of the same n molecular species in a state of singularity. 

In order to obtain a deeper insight into these relations, the 
universal significance of which is obvious, we will consider some 
special cases in what follows. 

The Equilibrium between the different Phases of Water.— 

We can easily determine the point of transition at which the liquid 
phase vanishes from the system, — water;;^water vapour, — and is 
replaced by the solid phase, ice. 

At atmospheric pressure water freezes at 0°, and under its own 
vapour pressure, which is very small eompared with the atmospheric 
pressure, at +0 0076°, because the freezing-point is raised by this 
amount by diminishing the pressure one atmosphere (p. 69). The 
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pressure corresponding to the point of transition, according to 
Regnault^s vapour-pressure tables, is 4*57 mm. 

Under these and only these conditions of temperature and pressure are 
the three phases — ice, liquid water, and water vapour, coexistent. 

For a clear consideration of this case, the simplest conceivable, 
and also for the treatment of more complicated equilibria, we may 
use with advantage a graphic method, which shows at a glance the 
dependence of the nature of the equilibrium on the external conditions 
of temperature and j^ressure.^ 

In a co-ordinate system where the abscissae represent the temperature 
T (properly on the absolute scale), and the ordinates represent the 
pressure p, are drawn curves along which two different phases of water 
are coexistent. We will call these “the limiting curves” (Grenz- 
Jcurven) of the system under consideration. 

In general, if we are considering a system composed of a number 
of phases, and for the construction of which there are requisite n 
molecular species, — then the meaning of “ the limiting curves ” is that 
under the definite and unequivocal eonditions of temperature and 
pressure represented by them, n f 1 different phases are capable of 
existing beside each other. 

These “ limiting curves ” are well known in the case of water ; 

and it is directly evident 
that there must be three, on 
each of which can coexist 
one of the three phase pairs 
which can bo made from 
the three different states, of 
aggregation of water. 

Thus wo obtain the curve 
diagram shown in Fig. 40. 
TAqnid water and loater vapour 
are coexistent along the 
curve OA. This is the 
^^vapour-pressure mirvef which 
is especially well known in 
the first part, and comes to 
an end at T = 273"" + 364*3'', which is the critical temperature of 
water. 

Under the conditions represented by the point 0, and previously 
determined to be T= 273'' + 0*0076°, and p = 4*57 mm., water freezes. 
Hence the continuation of the curve AO, along the limiting curve 
OB, represents the conditions under which m and water vapour are 
coexistent ; it is the vajwur-ptrssure curve'' of ice (p. 71). On account 
of the smallness of the vapour pressure of solidified water, it has been 
traced only a short distance downwards from 0. But from the kinetic 
^ Roozeboom, Zeitschr. phys. Chem. 2. 474 (1888). 
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treatment of the properties of matter, we may predict with great 
certainty that it intersects the point of origin of our system of 
po-ordinates, and hence that the -vapour pressure of ice first becomes 
zero at the absolute zero-point of temperature, and that at this point 
water vapour (like every gas) ceases to be capable of existence as such. 

Finally, the “limiting curve*’ OC represents the conditions for 
the coexistence of water and ice. Since the freezing of water is 
accompanied by an increase of volume, the melting-point of ice sinks 
with increasing pressure, by an amount which is 0*0076'’ per atm., 
a relatively small amount. And, moreover, since the depression of 
the melting-i)oint is proportional to the external pressure, at least at 
pressures which arc not too high, OC is a straight line slightly inclined 
to the p axis. Here also the course of the curve OC has only been 
followed for a slight distance from O. 

The point O, in which all the limiting curves are concurrent, and 
therefore in which all of the three phases are coexistent, is thus a 
point of singularity in the p, T, plane ; it has been already called the 
point of transition. According to the number of limiting curves which 
unite at this point, we may call it “threefold,*’ “four-fold,** etc.; or 
“ triple,** “ quadruple,’* etc. In the case of water, O is a “ triple point.” 

The limiting curves are, of course, curves of complete equilibrium. 
If we are considering one point of one of the curves, and if we change 
the pressure and temperature in a way which is different from what 
corresponds to the course of the curve, then a complete reaction occurs, 
and, according to the circumstances, one of the two phases vanishes. 

Moreover, the limiting curves divide the plane (p, T) into three 
fields, each of which corresponds to the existence of one of the three 
phases. This does not state that the phases cannot exist beyond the 
limits of their respective fields. Thus, e.(j.y it is known that liquid 
water may exist at a temperature and pressure which are below the 
point O. But in that case the existence of water is a labile one, i.e. it 
is in an “ under-cooled ** state. 

A similar thing is true of water vapour, which we know can exist 
at temperatures and pressures where it should have become liquefied, 
according to the course of the limiting curve. These labile conditions 
play a much more important rdle in nature than has been believed 
hitherto. It has been proved repeatedly that some very stable 
substances, especially those in the solid state of aggregation, are in a 
state comparable to that of an “ under- cooled ** liquid; and thus, 
according to the laws of chemical equilibrium, have no right of 
existence. 

We should by no means attach the meaning to tlie term “ labile ** 
that the system needs only a slight disturbance in order to change it 
to the more “ stable ** form. 

In this way we can explain why it is that a well-known fourth 
modification of water, i.e. “ electrolytic gas,” has no place in the (p, T) 
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plane; at least not in the region thus far considered. “Electrolytic 
gas’^ at the ordinary conditions of temperature and pressure is in 
just as much a labile condition as is under-cooled water, because it can 
be changed into the stable form of water by several kinds of disturbance ; 
as, e.y., by a suitable elevation in temperature of one point. 

The following circumstance is further very remarkable. 

Lot us descend along the curve AO at constant volume, by removing 
heat from the system water and water vapour enclosed in a suitable 
vessel. At 0 the water freezes, and it obviously depends upon the 
relative quantities of the phases present as to which of the phases, the 
liquid or the gaseous, will disappear on further cooling, ke, as to 
whether, on further removal of heat, the system will progress along 
the curve OB, or along OC. If the expansion of the gaseous phase is 
sufficiently great, then all the water will freeze, and we shall advance 
along the curve OB. If, on the other hand, the volume of the liquid 
water is sufficiently great in comparison with the gaseous phase, then 
all the water vapour condenses as a result of the increase of volume 
resulting from the freezing, and the corresponding increase of pressure ; 
thus the melting-point will be strpiigly depressed, and we shall advance 
along the curve OC. 

The Equilibrium between Water and Sulphur Dioxide.— 

The system just described could be constructed of a single molecular 
species^ (HgO). We will select as a further and more complicated 
example of complete heterogeneous equilibrium a system composed of 

HgO and SOg, ke, two 
molecular species ; ..this 
has been very thor- 
oughly investigated 
by Koozeboom.^ 

We will again plot 
in a co-ordinate sys- 
tem the curves along 
which complete equili- 
brium can exist. 

Now, since we 
allow two molecular 
species to meet here, 
then, according to 
7^ Gibbs’s phase rule, 
three phases must be 
capable of existing be- 
side each other on the limiting curves ; and it is only at singular 
points that the coexistence of four phases is possible. 

In the neighbourhood of the point L (Fig. 41) the four following 
^ Zdtschr, phys, Chem, 2, 450 (1888). 
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homogeneous systems can be prepared by bringing together the 
requisite SO^ and HgO. 

1. The solid hydrate SOg. 7(H20) : this can easily be caused to 
separate out by cooling a water solution which is saturated with 
SOg. 

2. A solution of SOg in water, which we will designate by the 
symbol fl.(H20 + xSOg). Here x denotes the number of mols which 
are present in the solution, for 1 mol of HgO (18 g.) ; on account 
of the excess of water in the solution, x is always less than one. 

3. A solution of water in liquid sulphurous acid, corresponding to 
the symbol fl.(S02 + yHgO) : here, similarly to x, y is always less 
than one. 

4. A gas mixture, composed of SOg and HgO, which we will 
designate by the symbol ** gas (SOg + zHgO).” 

The three phases 2, 3, and 4 are coexistent along the curve LE ; 
the first two are composed of two liquids, water and sulphmous acid, 
which do not mix with each other in all proportions, but only 
partially dissolve each other like ether and water, e,g., thus “x’’ 
corresponds to the solubility of SOg in water, and “y” to the 
solubility of water in SOg. Both of these solubilities vary with the 
temperature, and of course they must be determined for a number of 
temperature points, in order to have exact knowledge regarding the 
aforesaid equilibrium ; this has not yet been done. 

The gase(MS phase consists of the vapour emitted by the two 
liquids ; and the pressure p, which corresponds to any particular 
point of the curve LE, is the vapour pressure of the two liquids 
at the corresponding temperature. The values of “z'' were not 
determined by Roozeboom, but it should be noticed that, by means 
of the rules already given (p. 527), the pressure p, the composition of 
the gaseous phase, and therefore the value of z also, may bo calculated, 
at least approximately, from the mutual solubilities, and from the 
known vapour pressures of the pure solvents. 

If we cool the system just described, at constant volume, when the 
quantities of the particular phases are in suitable proportions, wo 
advance along the curve LD ; the water solution of SOg disappears, 
and there appears instead the solid hydrate No, 1, (SOg . 7H2O) ; while 
the two other phases, No. 3, ^.(SOg + yHgO), and No. 4, gas 
(SOg + zHgO), remain. 

The values of y and of z were not measured. 

The pressure p of the gaseous phase (the pressure of dissociation 
of the solid hydrate in the presence of a saturated aqueous solution of 
sulphur dioxide), which is of course independent of the relative 
quantities of the solid and liquid phases, has the following values for 
the corresponding temperatures T : — 
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T. 

P* 

T. 

P- 

273 + 0-1“ 
273+3-06 
273 + 6-05 
273 + 9-06 

1]3*1 cm. Hg. 
127*0 „ 

141*9 „ 

158-2 „ 

273 + 11*0° 
273 + 11*9 
273 + 12*1 

170-1 cm. Hg. 

176- 2 „ 

177- 3 „ 


If we aUvance along the curve DL, by raising the pressure and the 
temperature, and by a suitable choice of the relative proportions of the 
particular phases, we can make the gaseous phase disappear at the 
point L, and thus cause a water solution of sulphur dioxide to appear. 
We thus arrive at the system composed of the solid hydrate No. 1, 
(SOg . THgO), and of the solutions No. 2 and No. 3, viz. ^[.(HgO + 
xSOg), and fl.(S02 5 hydrate is found in equilibrium 

with its fusion products, the mutually saturated solutions of water and 
sulphur dioxide. 

At a pressure of 177*3 cm., the melting-point of the hydrate is 
T ™ 273° 4* 12*1°. This rises with the pressure ; at 20 atm. it is 12*9°, 
and at 225 atm. it is 17*1°. Now, since the rise is nearly proportional 
to the pressure, and only amounts to a few degrees for an enormous 
change of pressure, the limiting curve LX is a straight line only 
slightly inclined to the right. 

The values of x and y, Le. the mutual solubilities of water and 
sulphur dioxide in the presence of the solid hydrate, are not known ; 
they should not differ very much from those corresponding to the 
curve LE, because the mutual solubilities of two liquids vary only 
slightly with the pressure. 

Advancing down along the system of curves LE or LX, we can, by 
cooling, proceed either along the curve LD, already described, or, by 
suitable proportions of the particular phases, along the curve LB. 
Here the phases solid hydrate (SOg. 7H2O), fl.(H20 + xSO.2), and gas 
(SO2 + zllgO), are in equilibrium \ we are therefore concerned with a 
system composed of the solid hydrate, its saturated solution in water, 
and the vapours emitted by them. The concentration of the saturated 
solution has the following values at the corresponding temperatures : — 


T. 

(5100 

18 ’ 

T. 

(5400 
* 18 ' 

278 + 0° 

10*4 

273 + 7“ 

17*4 

273 + 2 

11*8 

273 + 8 

19*1 

278 + 4 

13*5 

273 + 10 

23*6 

273 + 6 

16*1 

273+12-1 

31*0 


The numbers denote the parts of SOg to 100 parts of HgO. In order 
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to obtain the value of x (t.«. the number of molecules of SOg to one 
mol of E.p), they must be multiplied by 

18 _ 1 
6400 “355*5* 

64 = the mol. wt. of SOg, and 18 = the mol. wt. of water. 

The vapour pressure p of the saturated solution was as follows at 
the corresponding temperatures : — 


T. 

r- 

T. 

P* 

273-6“ 

13*7 cm. Hg. 

273+ 4-45“ 

61 9 cm. Hg. 

273-4 

17-66 „ 

273+ 6-00 

66-6 „ 

273-3 

20-1 

273+ 8-40 

92*6 „ 

273-2-6 

21-16 „ 

273 + 10-00 

117*7 „ 

273-2 

23-0 

273 + 11-30 

160-3 „ 

273-1 

26-2 

273 + 11-76 

166*6 

273-0 

29-7 

273 + 12-10 

177*3 „ 

273 + 2-8 

43-2 




Thus four limiting carves meet in the point L ; and although only three 
phases are coexistent at every other point of the respective curves, yet 
at this point L, and only at this point, the four following phases are 
coexistent : 

1. The solid hydrate, SOg . THgO. 

2. A watefi' solution of SOg, having the composition (HgO + 0 ’OSTSOg). 

3. A solution of HgO in liquid SOg {ie, SOg + yHgO). 

4. A gas mixture of SOg and HgO {i.e, SOg + zHgO). 

As each one of these systems can be made from the two molecular 
species, SOg and HgO, therefore, during a finite temperature interval, 
according to the “phase-rule,’^ a complete equilibrium can be estab- 
lished for only three of these systems. All four may coexist only at 
the treansition point L, which is in this case a quadruple or fourfold 
point ; it is situated at 

T = 273" + 12-r, and p = 177-3 cm. 

Roozeboom did not determine the values of y and z for the point 
L ; but we may form a conception of their magnitude in the following 
way : — 

The pressure 177*3 cm. in the gas mixture SOg + zllgO is composed 
of the partial pressures of the particular gases. 

Now, since a water solution of SOg is present at the transition 
point, therefore the partial pressure of the water vapour is equal to 
the partial pressure of pure water at the temperature in question 
(12*1^), viz. 1*05 cm., minus the depression caused by the solution of 
0*087 mol of SOg in 1 mol of HgO ; and this, according to Raoult’s 
law, is 


1*05 X 0*087 cm. 
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Thus the partial pressure of the water vapour amounts approximately 
to 0*9 cm., and that of the sulphur dioxide is 


Hence 


177*3 - 0-9 = 176*4 cm. 


0*9 

^■" 176*4 


0 0051. 


The concentration y of water in sulphifr dioxide is also found by 
means of the law for the molecular depression of the vapour pressure. 
According to Kegnault, at 12*1^ pure liquid sulphur dioxide has a 
vapour pressure of 185 cm. But now, since sulphur dioxide saturated 
with water is present at the point L, and since the partial pressure of 
sulphur dioxide so saturated amounts to only 176*4, therefore, in order 
to occasion the depression of 8*6 cm., 

= 0-05 mol of HgO 


must be dissolved in every molecule of SOjj ; this corresponds to the 
value of y. 

As stated above, the equilibrium pressures in the system, 
SOg . ^HgO, liq. fl.(H 20 + xSOg), and gaseous (SOg + zn20)> which are 
given by the curve LB, have been measured as far down as - 6® 
(Celsius). But the system is in labile equilibrium beyond the point 
B (which corresponds to the temperature of - 2*6° and to the pressure 
of 21*1 cm.); because the liquid phase vanishes at once on the 
appearance of ice, and completely solidifies to ice and solid hydrate. 
Thus, instead of advancing along BA, the labile extension of the curve 
LB (which is figured as a dotted lino in Fig. 41), we advance along 
the curve BC. This curve refers to the system of the three phases : — 

1. The solid hydrate. 

2. Ice. 

3. The gas mixture (SOg + zITgO). 

The vapour pressures of a mixtui-e of ice and the solid hydrate 
are as follows : — 


T. 

P* 

1 T. 

273-2*6'' 

21*15 cm. Hg. 

; 273-6° 

273-3 1 

20 ‘65 „ 

1 273-8 

273^4 

19*35 

1 273-9 


They are therefore considerably greater than would be the case if 
the system were under-cooled, t.e. if the solidification of the water 
solution of SOg had not occurred, as can be readily seen from the 
diagram (Fig. 41), The gas mixture emitted by the ice and the 
solid hydrate of course consists of HgO and SOg. Now since ice is 
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pi^eseni, the partial pressures of the water vapour are simply eqml to the 
vapour pressures of ice at the con^esponding temperatures ; and these 
can be taken directly from Regnault^s tables, and thus z can be 
obtained.^ They are very small in comparison with the total 
pressures. 

Along the curve BF, ice, the water solution of sulphurous acid, 
and the gaseous mixture (SOg + zHgO) are capable of coexistence. 
The corresponding values of the pressure and temperature are so 
correlated that the pressure first conditions the concentration of the 
sulphurous acid, and then this concentration in turn conditions the 
lowering of the freezing-point of water. For small pressures, Le. 
at slight concentration of the sulphurous acid,' the curve tends to 
approach the freezing-point F of pure water at T= 273°. 

Finally, along the curve BZ, there are capable of coexistence, ice, 
the solid hydrate, and the melted mixture of the two {Le, a water 
solution of sulphurous acid). As the melting is attended by a 
diminution of volume, the curve must bend to the left, i.e. the 
temperature of equilibrium must fall with an elevation of the pressure. 
But this has not been investigated in detail. 

Thus the point B represents a second quadruple point ; here there co- 
exist the four following phases : — 

1. Ice. 

2. The solid hydrate, SOg . THgO. 

3. A water solution of SOg, having the composition (Hj^O + 0*02480.2). 

4. A gas mixture of SOg and H^O {i.e, SO 2 + zHgO). 

The co-ordinates of this point are 

T = 273 - 2*6°, and p=21*l cm. 


The vapour pressure of ice at - 2*6° amounts to 0*38 cm., and 
hence z must be 


0*38 
20 *'7 ^ 


0*0184. 


The areas in Figs. 40 and 41, enclosed by the curves, constitute 
regions of incomplete equilibrium. 


The Hydrates of Ferric Chloride. — As an example of a more 
extended investigation of those systems, whose phases can all bo 
formed of two molecular species, such as HgO and FcgCl^., we will 
describe Roozeboom^s - research on the hydrates of ferric chloride. 
This led to a broadening of our view in several respects. 

At the transition points of this system, the four following phases 
are capable of existing beside each other : — 

^ Roozeboom did not draw this conclusion, but its correctness appears to the author 
to be beyond doubt. 

2 Zeitschr, phys. Chem, 10. 477 (1892). 
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1. The solid hydrate, FcgClg . loHgO. 

2. The solid hydrate, FegClg . iiHgO. 

3. The saturated solution. 

4. Water vapour. 

For the case where the hydrate ice occurs, we can make 

n = 00 ; 

and for the case where water-free ferric chloride separates as a solid 
phase, we can make 

n=:0. 

The four “ limiting curves ” which meet at the transition point are 
composed of the vapour-pressure curves of the saturated solutions of 
the two hydrates, the vapour-pressure curve of a mixture of the two 
solid hydrates, and the solubility curve of a solution which is at the 
same time saturated with both the hydrates. 

Of these numerous curves, Roozeboom investigated the solubility 
curves of the separate hydrates at ordinary pressures ; the knowledge 
of these gives us a fairly complete view of the prevailing relations. 

In order to explain these, we will follow the example of Rooze- 
boom and employ a somewhat different graphic delineation than in 
the preceding cases. As the concentration of the solutions here com- 
mands our chief interest, the abscissfe will represent the temperature ^ 
(on the ordinary scale), and the ordinates the composition, expressed 
in molecules of FogClg to 100 mols of HgO. 

Fig. 42 gives a good general view of the equilibrium ratios. 

If we start out from the equilibrium, water + ice, and add ferric 
chloride, we obtain the curve AB, i,e, the curve of the depression of 
the freezing-point on addition of the salt. At about -55'' we reach 
the saturation point of the hydrate of I 2 H 2 O ; B therefore represents 
the point where the so-called “cryo-hydrate,” Le. a mechanical mixture 
of ice and solid salt (p. 538), separates. 

Further addition of ferric chloride causes the ice to disappear, and 
we advance along the curve BC, which is the solubility curve of the 
hydrate with I 2 H 2 O. 

At 37° the concentration of the saturated solution becomes equal 
to that of the solid hydrate, and at this temperature a solution of the 
composition FegCl^ -f- I 2 H 2 O solidifies completely to the solid hydrate, 
or else this solidified hydrate is changed completely to a homogeneous 
liquid. Thus 37° is the melting-point of this hydrate. 

If we add anhydrous ferric chloride to this melted hydrate, we 
advance along the curve CDN. Of the two branches which diverge 
from C, the one, CB, corresponds to the curve of the depression of the 
freezing-point occasioned by adding HgO ; the other, CDN, corresponds 
to the curve of the depression of the freezing-point of the hydrate, 
occasioned by the addition of FOgClg. Thus below the melting-point 
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[37*^] of the pure hydrate [FegClg^* I 2 H 2 O] it is possible to prepare 
two saturated solutions, one of which contains more HgO, and the 
other less, than the hydrate in equilibrium with the solution. We 
shall return to this remarkable phenomenon a little later. 

The curves for the hydrate with THgO (DEF), for the hydrate 
with SHgO (FGH), and for the hydrate with 4 H 2 O (HJK), are exactly 



similar. At K begins the almost straight solubility curve of anhydrous 
FegClg. The melting-points of these hydrates are at E (32’5''), G 
(56'^), and J (73*5°). 

The curve fractions DN, FM, DO, FP, and HR, represent labile 
conditions. ICe and the hydrate containing most water are in 
equilibrium at the point B. At the points D, F, and H the respective 
contiguous hydrates are in equilibrium. And finally, at K, the 
hydrate confining the least quantity of water is in equilibrium with 
the anhydrous FCgClg. 

The composition of the respective solutions at each of these points 
lies between the composition of the two respective solid bodies, 
because at these points the second branch of the higher hydrate 
intersects the first branch of the next lower hydrate. The points 
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mentioned lie at -55°, 27*4°, 30°, 55°, and 66°; and these are at 
the same time the temperatures at which the solutions solidify to 
mixtures of the two hydrates. 

In order to obtain a clear picture of the relations which prevail 
here, let us imagine the concentration and temperature of a solution 
of ferric chloride to bo given by a point which lies in the right-hand 
side of the region bounded by the multiple curves ABCDEFGHJKL. 
On cooling, the solution at first traverses a horizontal line, the com- 
position remaining constant ; and at a definite temperature, its path 
will cut one of the portions of the curve, say FGH. If we suppose 
supersaturation to be excluded at the moment of the intersection, there 
will occur the separation of the solid substance to which the portion 
of curve belongs, e.g, FegClg . SHgO. On further cooling the curve 
would be followed towards lower temperatures until the end point 
was reached, where another solid substance appears, and complete 
solidification results. 

If the solution had the same composition as one of the hydrates, 
it would solidify completely at its melting-point. If the solution 
had a composition corresponding to the intersection of any two of the 
contiguous curves, then it would solidify completely at the temperature 
of the point in question.^ 

Most interesting phenomena would be observed on evaporation of 
a dilute solution of ferric chloride, and the results would be most 
striking between 30° and 32°. Here, by the removal of water 
vapour, the dilute solution would first dry down to FogClg . I 2 H 2 O. 
It would then liquefy, and then dry down to FogClg . THgO. It 
would then liquefy again, and a third time dry down, this time to 
FegCl^, . SHgO. 

The whole series of these phenomena coiresponds to stable conditions. 
This very remarkable behaviour would be inexplicable were it not a 
necessary result of the relations which are illustrated in the curves 
shown in Fig. 42. 

Regarding the curve branches, e,g. BCD and DEF, it follows that, 
within the limits of a certain temperature interval, there are two 
saturated solutions having a different composition, which are in 
equilibrium with the respective solid hydrates. One of these always 
contains more water, the other less, than the solid hydrate. 

The second kind of saturated solution was discovered by Rooze- 
boom in an investigation ^ on the hydrates of calcium chloride. It should 
be particularly emphasised that both of these saturated solutions are 
entirely stable, and nowhere supersaturated. 

Supersaturation only occurs in a solution represented by a point 
on the left of the curve ABCDEFGHJKL ; by adding to a solution a 

^ These two cases are good examples of the “ eutectic and dystectic ” mixtures 
described on p. 123. 

® Zeitschr. phys, Chem, 4 . 31 (1889). 
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piece of its respective hydrate in the solid state supersaturation will 
be avoided, when, according to circumstances, the proportion of ferric 
chloride will be either diminished or increased, according as the 
saturated solution belongs to the first or the second category. 

Before the work of Roozeboom, only the highest hydrate of ferric 
chloride was known with certainty, a second one being known incom- 
pletely. But the investigation of the equilibria led necessarily to 
the discovery of the others. While Roozeboom was studying the 
** solubility curve ” of the hydrate with SHgO, ho found certain 
irregularities which he suspected to be due to the existence of another 
hydrate, and thus he was led to the discovery of the hydrate 
FegClg . THgO. Now the stable part of its solubility curve extends 
only over the portion DEF, Le, from 27*4'' to 32*5°, and from 30° to 
32*5°. This hydrate would hardly have been discovered without a systematic 
investigation of this sort 

Detection of Chemical Compounds of two Components by 
Means of Melting Curves. — A curve of melting-points may always 
be used to detect chemical compounds of two substances in the same 
way as for water and ferric chloride in the example given above ; each 
compound is indicated by a maximum, since an excess of either com- 
ponent lowers the melting-point of the compound; cf. also p. 122. 
The points C, G, E, J on the curve Fig. 42, are such maximum 
freezing-points of mixtures of iron chloride and water. They corre- 
spond to simple molecular proportions of the two components, according 
to the law of multiple proportions. 

This method is especially useful in studying racemic mixtures ; on 
account of the exact similarity of the dextro and laevo forms, the 
melting curve must be symmetrical about the racemic compound. 
According to the extensive investigations of Adriani,^ three cases are 
to be distinguished : — 

1. A continuous (convex or concave) -curve, indicating mixed 
crystals. 

2. Two curves, cutting at the composition of the racemic mixture, 
give a eutectic point (no compound). 

3. Three curves, the central one with a maximum, indicating a 
racemic compound ; eutectic points lie symmetrically on each side 
(mixture of the compound with the dextro or laevo body).^ 

Thermoanalysis.^ — The practical investigation of melting-point 
curves presents some difficulties, especially the analysis of the solid 

^ Zeitschr, phys. Cliem. 33. 453 (1900). 

2 The figures 47, 44, 45 given below, correspond to cases 1, 2, 3 ; except that, 
according to reasons already given, the curves must be symmetrical about the 50% 
mixture. 

^ See the monograph by R. Kreeman, Anwendung der themiischen Analyse zum 
Nachweis cheviischer Verhindungen^ Stuttgart, 1909. 
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phase which often separates from the melt in an impure condition, 
and commonly so at high temperatures. In these cases a complete 
and clear idea of the prevailing conditions can be obtained by a 
systematic investigation of the rate of cooling of the fluid mixture 
prepared from the two components in known proportions. This can 
also be carried out at high temperature, e,g, by using thermo-elements. 
In recent times this method of thermoanalysis has been extensively 
used by G. Tammann ^ and his pupils in the investigation of compounds 
between metals. Following the example of this author we will now 
describe the application of this method to four principal cases.^ 

Fig. 43 represents the cooling curve of a binary mixture, from 
which two different kinds of crystals, A and B, separate. Crystallisa- 
tion of A begins at the point a, and 
lowers the rate of cooling, while 
at b crystals of B also begin to 
separate. During the simultaneous 
crystallisation of A and B, the con- 
centration of the melt is flxed, the 
equilibrium is therefore complete, 
and hence the removal of heat 
does not affect the temperature. 
We thus obtain an interval of steady 
temperature on the cooling curve. 
The duration of this is proportional 
Fig. 43. under the same conditions of cool- 

ing to the heat set free, Le, to the 
mass of the eutectically crystallising fluid. As can be seen from Fig. 
43 the temperature falls slowly towards the end of the crystallisation, 
because the melt is no longer in proper contact with the thermometer, 
which is surrounded to some extent by crystals. In order to deter- 
mine accurately the duration of crystallisation we must produce fc 
to cut a horizontal through b. The distance of the point of inter- 
section d from b gives the corrected duration of crystallisation. 

The following four principal cases are especially important : — 

1. When the two substances A and B are miscible when liquid in 
every proportion, but form neither a compound nor mixed crystals, 
then the crystallisation of all possible fluid mixtures of A and B is 
represented by the diagram in Fig. 44. On the curve ac crystallisa- 
tion begins with separation of A, on the curve be with separation of 
B. When A crystallises from a melt, e,g, of the composition m^, the 
concentration of B increases till the point c is reached, where eutectic 
crystallisation begins. The mass which crystallises at the temperature 

^ See recent volumes of the Zeitschr. mwrg. Chem. and the collected results in 
Zeitschr. f, Elektrochem,, 14, 789 (1908). 

a For further numerous important details see especially the excellent monograph by 
R. Ruer, Metallographies 1907, Hamburg. 
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of the point c will be different for molts of different composition. If 
the melt had originally the composition represented by c, the whole of 
it would crystallise eutectically. If the melt consisted of pure A or pure 
B, none of it would crystallise eutectically : between these points the 
mass of the eutectic mixture obtained is proportional to the concentra- 
tion. If the mass of eutectic mixture for the melt m^ is given by the 


ordinate pmQ, then 
the ordinates of the 
two straight lines Ap 
and Bp give the mass 
of eutectic mixture 
crystallising from 
melts of various com- 
position. The time 
during which the 
temperature remains 
steady on cooling will 
be proportional to 
these ordinates pro- 
vided equal masses 
of the different melts 
are taken, and the 
conditions of cooling 
are the same. 

The cooling 
curves for the com- 
positions o, m^, hIq, 
mg, 100 are shown 
in Fig. 44. 

If these intervals 
of time, which can 
be easily determined, 
are plotted against 
the concentration. 



two straight lines Ap . 

and Bp are obtained, 

which cut at the concentration of the eutectic point c. If the relations 
are as described, the two substances form no compound, for in all the 
mixtures temperature becomes steady at the same point ; the forma- 
tion of mixed crystals is also out of the question, for if not, the 
steady point would vanish in the neighbourhood of A or B. 

The structure of the conglomerate formed is also closely connected 
with the behaviour on crystallisation. In all conglomerates whose 
composition lies between o and m^ will be found the primarily 
formed largo crystals of A surrounded by the eutectic mixture c 
which has a finely grained or granular structure. The mixtures 
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richer in B will, on the contrary, contain the primarily formed B 
crystals, surrounded by the eutectic. 

2. If the two substances form a compound AmBx^ and are miscible 
as fluids in all proportions, then if no mixed crystals are formed the 
diagram Fig. 45 represents the phenomena observed when the molten 
mass crystallises. The curve dee gives the temperatures at which 
crystals of the compound AmBn are in equilibrium with melts of 
different composition. This curve is cut by the melting-point curves 
of A and B, in the points d and e, which are therefore two eutectic 
points, at the temperatures of which crystallisation of melts of a 
composition between A and A,nB„, or B and A,„B,i, is complete. The 

mass crystallising at d and 
e varies as the ordinates of 
the straight lines Ap, pq, 
qr, and rB. It is therefore 
only necessary to determine 
experimentally the relation 
between concentration and 
duration of crystallisation 
in order to find by extra- 
polation the point q which 
gives the composition of the 
compound. Working with 
only 20 grams of substance 
it is easy to find the con- 
centration at q to within 
a few per thousand. The 
direct determination of the 
concentration at the maxi- 
mum c which corresponds 
to the point q is much less 
accurate for the same number of observations. 

3. It often happens that a compound A^Bn does not melt to a 
homogeneous fluid, but is decomposed to a crystal B and a melt of 
the composition c according to the equation 

AmBn:^e + B. 



Such an example is met with in Glauber salts. The reaction occurs 
at the point e in the melting-point curve be along which B separates. 
At this point equilibrium is complete, and hence we obtain intervals 
of steady temperature on the cooling curves of melts up to the 
composition represented by the point c (from which B separates). 
The time during which the temperature remains steady is greatest 
when the melt is of a composition corresponding to the compound 
AinBn ; it will therefore be given by the ordinates of the straight lines 
tr and rB (Fig. 46). 
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Further, when melts of a composition between q and p crystallise, 
we obtain residues which crystallise eutectically at the temperature 
of the point D — hence the duration of this crystallisation is given by 
ordinates of the straight line pq. Hence we have two independent 
ways of determining the composition of A,nBn ; (a) the length of time 
during which the temperature remains constant at the point e has its 
greatest value when the melt has the same composition as the 
compound, (b) the duration of the crystallisation at the temperature 
corresponding to the point d is zero when the melt has the composi- 
tion of the compound. The 
distance between e and c 
depends on the amount of 
melt formed from the com- 
pound by overshooting the 
temperature of the point e. 

If this mass is very great, 
and therefore the mass of 
crystal B small, then c 
approaches near the point e. 

4. When the two sub- 
stances A and B form a 
continuous series of mixed 
crystals, we may have either 
a maximum or a minimum 
on the freezing-point curve. 

At such a point the com- 
position of the melt will 
obviously be the same as 
that of the mixed crystal 
in equilibrium with it, just A ABB 

as before. Such a melt will ^ ^ 

therefore crystallise like a Fig. 40. 

single substance, and the 

cooling curve will become horizontal to the time axis. We shall 
confine ourselves to the case where the freezing-point curve rises 
gradually without maximum or minimum from the melting-point 
of A to that of B. As both the composition of the mixed crystal 
and that of the melt alters during crystallisation, we shall not 
get an interval of steady temperature on cooling, but the begin- 
ning and end of the crystallisation will be shown by two well- 
defined breaks on the curve (Fig. 47), because the heat set free 
diminishes the rate of cooling. If we plot the temperatures at these 
breaks, which are shown in Fig. 47 for a few concentrations, against 
the corresponding concentrations in the temperature -concentration 
diagram, and join the points which refer to the beginning of 
crystallisation, we obtain the curve acb, and similarly for the 
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temperature of the end of crystallisation the curve adb. Above^ the 
curve acb all mixtures are liquid, under the curve adb only mixed 
crystals exist, and in the area between the two curves acb, adb, we 
have mixtures of melt and mixed crystals. From the diagram Fig. 
47 we can read off for every melt the concentration of the mixed 
crystal in equilibrium with it when crystallisation begins ; for example, 

the melt c is in equili- 
brium with the mixed 
crystal d, because at the 
beginning of crystal- 
lisation (e.g, in c) the 
melt, at the end {e,g, 
in d) the solid phase, 
has the composition 
which corresponds to 
the abscissae in ques- 
tion, and the tempera- 
ture at c and d is the 
lime same. 

Hence, without 
carrying out analyses 
which are often made 
difficult by the separa- 
tion of mixed crystals 
from the melt, we can 
in this case also ascer- 
tain by thermo- chemi- 
cal measurements the 
composition of mixed 
crystals deposited from 
melts of known com- 
position. The condition 
for the described be- 
haviour is, however, 
that during cooling the 
mixed crystals and the 
melt are in equilibrium at every moment At first sight it seems 
improbable that this condition is realised, because equilibrium will 
not be maintained unless the mixed crystals deposited are con- 
tinually remelted and redeposited in a form of different composi- 
tion. Experience teaches, however, that this in fact is very nearly 
true, especially at high temperatures. Delay in establishment of 
equilibrium has the effect of lowering the end-point of crystallisation, 
and therefore the middle part of the curve adb bends downwards 
towards lower temperatures. 

The following remarks may be made on the question whether the 
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maximum of melting-point should be a sharp point, as at c in Fig. 45, or 
flat, as at the points C, E, etc., in Fig. 42 (cf. also Le Cliatelier, Zeitschr, 
phys, Chem. 21. 657 (1896) ; van ’t Hoff, Vorlemngeny i. p. 62 ff.). If the 
compound is practically undissociated in the liquid condition, its melting- 
point will be lowered by the addition of a component proportionally to tlie 
molecular weight of the compound; and a sharp point will be obtained. 
But if the compound dissociates to a noticeable extent, its dissociation will 
be diminished by addition of one of the components accoKling to the law of 
mass-action (just as the electrolytic dissociation of water is diminished by 
hydrogen or hydroxyl ions). In consequence, the number of molecules is 
diminished and the freezing-point will not be lowered so much, and 
therefore the maximum will not be sharp. When dissociation is very 
great the curve will be so flattened as to form practically a continuous 
maximum. As long as dissociation remains within reasonable limits, and 
therefore the laws of dilute solution remain applicable, an exact theoretical 
discussion seems possible ; in the case of very high or practically complete 
dissociation, we are compelled to use approximation formulai. A quanti- 
tative investigation of this case, if necessary, by the use of the methods for 
determination of the molecular weight of liquids, appears advisable (Book II. 
Chap. HI.). In the third book we have seen that the relative stability of 
chemical compounds may be judged from their proportions at equilibrium 
in a homogeneous system ; similarly it is important to notice in this case 
that the character of the freezing-point curve in the neighbourhood of a 
maximum gives us a measure of the atiinity of components to one anoth(*.r 
in a homogeneous liquid. 

Systems of Three Components. — The investigation of such 
systems is, of course, much more complicated, since the variety of 
complete equilibria already reaches an extraordinarily high degree. 
As, so far as I can see, no new general theoretical considerations are 
involved, such systems will not be discussed here. Keference may 
be made to van ’t Hoff, Vmiesungen^ i. ; Roozeboom, Ileterogeue 
Gleichgewichte vom Standpunkt dei' Phasenlehre, Braunschweig, 1904; 
and further to the publications by Roozeboom, Schrcinemakers and 
their pupils in the Zeitschr. physih Chemie, 

General Remarks on Complete Equilibria. — It has already 
been shown (p. 509) that the so-called complete equilibria possess by 
no means a special theoretical importance. We have then further 
seen in the third book that the treatment of all heterogeneous 
equilibria can be referred to chemical equilibria in homogeneous 
systems, and to the more physical equilibria of evaporation, solubility, 
and partition of a substance between two phases. From this point of 
view, which was developed by the author in the first edition of this 
book, and is at present practically universally adopted, heterogeneous 
equilibrium assumes quite an arbitrary nature — which perhaps has not 
been sufficiently emphasised up to now — for it is made up of various 
phenomena of quite different kinds happening simultaneously. The 
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interest of scientific investigation, which must always, to be of use, — 
as the brilliant development of physics has especially shown — be 
directed to the clear representation of the fundamental phenomena, 
can therefore only be directed to a deeper investigation of equilibria 
in homogeneous phases on the one hand, and of the laws of vapour 
tension, solubility, and partition of a substance between two phases 
on the other hand — in the last case especially also to the consideration 
of mixtures of any concentration (not only to dilute solutions, which 
form the simplest and therefore classical special case). The state of 
affairs may be shown by an example. The resistance of a spool of 
%wiro for alternating currents is of a fairly complicated character ; it is 
made up of the ordinary “ ohm ” resistance, which can be calculated^ 
from the dimensions of the wire and conductivity of the material used, 
and further of the “ impedance, '' which is a factor depending on the 
self-induction of the spool and the frequency of the alternating 
current ; finally, rapidly alternating currents give rise to a special 
phenomenon — the lines of current on the surface of the wire are 
forced apart, and this tends to increase the resistance. 

It is quite clear that in particular cases {e.g. for the needs of 
electrotechnics) the total resistance of a spool (measured by the 
potential at its ends for a given intensity of alternating current) is 
of the greatest importance ; but measurements, when all the different 
influences are at work, have no direct interest from the point of view 
of physics ; the object of scientific investigation is rather to explain the 
separate phenomena as far as possible. In just the same way the 
investigation of heterogeneous equilibria may be of the greatest 
importance in special cases for preparative work, e.g, for the preparation 
of new compounds, and also for geological and similar questions ; yet 
it is of no direct theoi'etical interest on account of its complicated 
nature. The objects of scientific investigation lie, in my opinion, in 
quite another direction, which is perfectly definite, as has been shown 
above. 

It must particularly he noticed that the i)hase rule is nothing hut a 
scheme into whi(;h heterogeneous equilibria fit, and with which, therefore, 
every investigator of this region must be familiar, just as the analytical 
chemist must never forget that the law of conservation of mass must remain 
valid (luring the carrying out of his operations. But when B. Boozeboom, 
very naturally overrating the rule that guided him in his fine experimental 
work, says that there is no better point of view in heterogeneous equilibrium i 
than Qibbs^ phase rule, he makes a statement as misleading as if an 
analytical chemist said there w^as no better point of view for him than the 
law of conservation of mass. It must not be forgotten that as to the more 
frequent, and by far the more important heterogeneous equilibria^ namely, the 
incomplete, the phase rule has nothing to say. But, apart from this, 


^ Joumu phys, Chenu 1, 569 (1897). 
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research must not be too limited in its object, and chemistry would almost 
he reduced to a triviality if we followed Roozeboom’s suggestions. Molecular 
theory, thermodynamics of incomplete equilibrium, and especially the law 
of mass action, are far more important guides, and of deeper meaning, than 
the scheme of the phase rule, useful and even indispensable as the latter is 
to chemical research.^ 


The Thermodynamics of Complete Equilibrium. — If we allow 
a complete equilibrium to pass beyond “the limiting curve” (p. 654), 
one phase will disappear and a new one will appear ; both these phases 
are coexistent in the limiting curve itself. 

If we denote by Q the quantity of heat absorbed in the transition, 
by Vq the associated increase of volume of the system, and by A the 
maximal external work performed by the system as a result of the 
change, then the second law of thermodynamics gives the equation 

(p. 20), 


Q = T 


dA 

dT* 


Both Q and A refer to a definite change of volume of the system, 
e,g, an increase of volume of 1 c.c. If wo denote by p the pressure at 
that point of the limiting curve where the transition occurs, then it 
follows that , 

A = VqP, and dA = V^dp ; 

and we find that 

Q = T5|Vo .... (I.) 

This equation contains all that the second law can teach us about a 
chemical system in complete equilibrium. It is obvious that the 
thermodynamic formulae derived for evaporation (p. 59), sublimation 
(p. 72), and fusion (p. 69), are special cases of equation (I.) j because, 
as is shown on p. 509 and following, equilibrium between difterent 
states of aggregation must be included among the cases of complete 
equilibrium. 

Now, as we have already become acquainted with important 
applications of equation (L), and as its manipulation in more complicated 
cases offers no particular difficulties, we may refrain here from a 
description of any further special applications, and especially so as we 
shall still frequently make use of this very equation. 

Efpiation (1.) gives simple results when it is applied to the passage across 
the limiting curves in the immediate neighbourhood of their points of inter- 
section^ i.e. of the transition points. 

^ Thus van ’t Holf remarked, “It is a pity that, valuable as the contents of the 
phase rule is, there has been a certain exaggeration of its scope” {Ber. Deutsch. Chem. 
Ges. 36. 4252 (1892). Unhappily, the overestimation which Roozebooin has bestowed 
upon the phase rule has risen, especially in his monograph mentioned above, to an unjust 
criticism of those authors who think the continuous development of the phase rule quite 
unnecessary for their own work. 

2 X 
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Let us imagine the system to be conducted around the transition point 
in a very small circle ; then altogether n limiting curves will be crossed, and 
we shall obtain n equations of the form of (I.), viz. — 


Av 


dT 


Q = orTV„=g^Q. 


If we add these n equations, it follows that 

2Q = 2T V„, aii.l = Q ; 

now 2Q is the sum of the heat developed in circling around the transition 
point, and is accordingly zero, as in every reversible isothermal heat process 
(p. 19) ; is also zero, because the system returns to its original volume ; 
and of course ^TVq is zero, because T changes only to an infinitesimal 
amount during the passage around the circle. And thus we find that 




Tliese are the conditions which arise when one phase is replaced by another, 
and which must exist between the values of the trigonometrical tangents of 
the angles at which the limiting curves cut in their common points of inter- 
section ; and between the latent heats on the one hand, and the changes of 
volume on the other. 

Keference may be made to the investigations of Iliecke ^ for a number 
of other general relations which are required by thermodynamics for the 
particular factors of the complete equilibrium. 

Tammann (monograph quoted on p. 97) has discovered the following 
theorem on the position of curves which terminate in a triple point : “ The 
‘prolongation of each curve of equilihrinm must lie between the other two 
curves,^ The proof of this theorem rests on the consideration that on a 
temperature entropy diagram a triangle corresponds to the triple point ; a 
corresponding law necessarily holds for the perpendiculars to the three sides, 
and this leads to the above theorem on transference to the pressure- 
temperature diagram. 


Condensed Systems. — The complex cases, which van T Iloff^ calls 
** condensed si/siems” offer certain peculiarities which justify us in giving 
them a special description, although, like the cases alreatly considered, 
they are subject to the general laws of complete chemical equilibria. 
Such are the heteroge'tieous systems^ all the reacting components of tohich are 
in the solid on' liquid state^ hit not in the gaseous state. 

The simplest type of this sort of reactions is the melting of a solid 
body. The equilibrium with which we are here concerned, which 
consists in the coexistence of a solid body and its melted product, is 
“ complete, because for any definite temperature there is only one 
pressure at which both phases of the system are stable beside each 
other. This pressure changes with the temperature in such a way 
that it can be calculated from Thomson's formula, when we know the 
* Zeitschr. phys. Ghem. 6 , 268, 411 (1890). ^ Mudes de dyn. chim. p. 139. 
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change of volume on melting and the associated absorption of heat 
(p. 68). The temperature at which the two phases can coexist at 
atmospheric pressure is called the “ melting-point ” of the solid body. 

In contrast to the reactions where a gaseous phase either appears 
or disappears, the change of volume occasioned by the change of phase 
in condensed systems is relatively very small ; and therefore, according 
to equation (I.) (p. 673), the influence of the pressure on the equilibrium 
temperature is only very slight. Thus while the boiling-point varies 
greatly with the external pressure, the melting-point changes to only 
a relatively small extent. 

This alone must be recognised as the characteristic peculiarity of the 
reactions of “ condensed systems/^ which places them in an obviously purely 
quantitative contrast to those reactions where substances volatilise. 

Thus for most purposes it is immaterial whether we study the 
“condensed systems” at atmospheric pressure, or at some other pressure 
not very far removed from it ; and it is still less important to take 
into account the slight variations of the atmospheric pressure. 

That temperature at which all phases of a condensed system can 
exist beside each other is called the transition temperature. Below 
this the reaction will advance to a completion {Le, until one phase at 
least is .completely exhausted) in one direction, above it, in the opposite 
direction. 

The “transition temperatures” of the systems described on 
pp. 656 and 661 can be found by searching out the temperature points 
corresponding to atmospheric pressure on the limiting curves which 
separate the region of liquid and solid phases. They nearly always 
lie in the immediate vicinity of the intersections of the limiting curves, 
i.e. near the true transition points. This will be more thoroughly 
explained later. 

If we allow the transformation in a condensed system to complete 
itself in one sense at a temperature only a little below the transforma- 
tion temperature, and then warm the system to a point a little 
above the transformation temperature, so that the reaction is reversed 
— then after cooling down to the original temperature the system is 
again in its original condition. The two opposite changes complete 
themselves spontaneously, and are therefore each able to perform a 
certain amount of external work, although this is usually very slight. 

Hence, in this cyclic process, heat must have fallen from a higher 
to a lower temperature. That is, the transfm'mation below the tempera- 
ture of transformation must occur with a development of heat ; and above this 
temperature with absorption of heat ; or the system which is stable at higher 
temperatures is formed from the system which is stable at lower temperatures 
with an absorption of heat. 

As is well known, it always takes an elevation of temperature to 
melt a solid substance ; this fact necessarily requires that to melt a 
substance heat must be introduced. 



676 


THEORETICAL CHEMISTRY 


BK, IV 


Melting-Point. — As already explained in the previous paragraph, 
the melting-point can be considered the simplest and most important 
example of a transition temperature : we have already frequently 
discussed the laws governing it. A few remarks may be made here 
on the velocity with which equilibrium at the melting-point is attained. 

It has long been known that liquids can be strongly supercooled 
without the separation of any solid crystol ; but it is very rarely 
possible to heat a crystal above its melting-point without melting it. 
Recent observations have shown that there are a few cases in which 
this can be done. Day and Allen ^ have observed that certain 
felspars melt very slowly, and Tammann ^ has found certain kinds of 
sugar to behave similarly ; this phenomenon is probably due to slow 
changes in the liquid phase, which delay the processes of melting and 
crystallisation. It is always noticed in such cases that the linear 
velocity of crystallisation is very small (p. 623). Tammann has shown 
that the dilatometric method can be used to determine the melting- 
point of those substances ; the methods already outlined (p. 357) fail, 
since they depend on a rapid establishment of equilibrium. 


Allotropic Transformation. — An important example of a con- 
densed system is found in the equilibrium between two modifications 
of the same substance. 

The transformation of orthorhombic into monoclinic sulphur has 
been well studied. At atmospheric pressure these two phases are in 
equilibrium at 95-6"* ; if the pressure is kept constant, then above this 
temperature the orthorhombic sulphur goes over to the monoclinic 
variety, while, converseljq below this temperature, the monoclinic 
variety changes to the orthorhombic ; in both cases the reaction occurs 
without change of composition of one of the phases, and therefore it 
occurs completely, as is the case in all such reactions. 

The transformation temperature, which is completely analogous to 
the melting-point, varies with the external pressure ; and it is directly 
obvious from the considerations of the preceding sections that the 
variation may be calculated from the same formula (Thomson’s) which 
allows the calculation of the dependence of the melting-point upon the 
external pressure. 

Thus if dT denotes the elevation of the transformation temperature 
caused by an increase of pressure dp, or and t the specific volumes of 
monoclinic and orthorhombic sulphur respectively at the transformation 
temperature T on the absolute scale, and r the amount of heat in 
g.-cal. absorbed when 1 g. of sulphur is transformed, then, according 
to p. 69, we have 


r 


24-19. 


T (cr — t) dp 
“ibO^ ' dT’ 


^ Zeitschr, physik. Chem. 54. 1 (1906). 


Ibid. 68. 257 (1910). 
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and since, according to Tammann,^ 

T = 273 + 95-4°, or -T = 001395 ccm., ^ = degree, 

therefore 

r = 319 cal., 

while Bronstcd‘^ found the value r= 2*40 at T= 273^ and by using 
Rogiiault’s values for the specific heats of the two modifications, extra- 
polated the value r= 3*05 for the transition temperature. 

Although, therefore, the influence of pressure on the temperature 
of transformation of allotropic modifications is very slight, yet it exists 
ill every case, and may become very considerable when enormous 
pressures come into play.^ This point is of great importance in 
mineralogy ; under the enormous pressure of cooling rocks certain 
modifications may be formed, which have not yet been prepared in 
the laboratory, because it has not been possible to reproduce the 
conditions of their formation. 

In general, the study of the equilibrium conditions between the 
allotropic forms of a substance is usually rendered impossible by reason 
of the slowness of the transformation. Thus we do not know for 
certain which of th6 modific/itions of carbon is the more stable, or 
where the temperature of transformation lies ; we shall discuss in the 
fifth chapter of this book an indirect determination from the heat of 
transition and the specific heats of the modifications.** 

As to the velocity of the change there are the greatest differences. 
In some cases, e.g. tetrabrommethane, it is as rapid as the solidification 
of a liquid ; in others so slow that the two modifications can be kept 
for years without the transformation taking place. In these cases it is 
often quite impossible to tell which is the stable form, or where the 
transition temperature lies, e.g. between graphite and diamond, between 
quartz and tridymite. In fusion, equilibrium can only bo overshot in 
one direction ; a liquid can bo cooled far below the melting-point 
without solidifying, but a solid cannot be heated above the melting- 
point without fusion. On the other hand, a transition equilibrium can 
be overshot in both directions, so that a substance can often be heated 
well above its transition point without being turned into the stable 
form. The transition is usually hastened by contact with already 
transformed material, just as an undercooled liquid can bo made to 
freeze by introducing a crystal of the solid. E. Cohen ^ has studied a 
good instance of this in tin. The white form in which tin is usually 
known is really only stable above 20®, but can bo very much under- 

^ Schmelxen nml Kristallisieren (I^eipzig, 1903), p. 274. 

* Zeitschr. phys. Ch^nu 66. 375 (1906). 

* See especially the researches aiul calculations in Tanimann’s work quoted above. 

* On the formation of diamond see the very interesting work of Moissan, The KUHric 
Furnace. 

» Zeitschr. phys. Chem. SO. 601 (18^9) ; 33. 57 (1900) ; 86. 688 (1900). 



678 


THEORETICAL CHEMISTRY 


BK. IV 


cooled without conversion into the grey form. In very cold winters 
spontaneous conversion sometimes takes place, and the mass of tin falls 
into powder. If the white tin is “ infected with a trace of grey tin, 
the conversion into the grey form, “the tin disease,'' goes on at 
ordinary temperature.^ 

** Liquid Crystals.” — We shall now discuss briefly the so-called 
liquid crystals or “crystalline liquids," and their very remarkable 
transition from a cloudy to a clear liquid on warming. In the last 
few years it has been possible to bring this phenomenon into line with 
the generally accepted theories of molecular motion. 

For as Reinitzer (1888) first observed, ^ there are substances which 
are turbid when melted, and then suddenly become clear at a sharply 
defined temperature above the melting - point. On cooling the 
phenomena are reversed. 

Soon afterwards Gattermann found that these same phenomena 
were exhibited by a class of chemically well-defined substances, 
namely the different derivatives of p-azoxyphenol, and especially by 
p-azoxyanisol. This last substance melts at 116° to a turbid, bright 
yellow liquid, which suddenly becomes clear at 135*2°. Hence we 
have here a transition temperature corresponding to the melting-point, 
or the equilibrium between two modifications. 

Schenk and Vorlander considered the cloudy liquid to contain a 
kind of crystalline powder; Vorlander compared it directly to an 
aggregate of small crystals, such as marble. I have pointed out in 
previous editions of this book that such conceptions are contradictory 
to our firmly established molecular theories. What indeed would be 
the molecular weight of such a system ? Every small drop of liquid 
in a gas, as Boltzmann pointed out, is theoretically a gas-molecule, just 
as every suspended particle in a liquid can also be treated as a large 
molecule ; the truth of this assumption has been firmly established by 
recent researches on the Brownian movement. The molecular weight 
of an anisotropic liquid must therefore be equal to the mean weight 
of the separate crystalline particles, and as the latter, since the liquid 
is cloudy, must be at least commensurable with the wave-length of 
light, it follows that the molecular weight must be enormous, of the 
order of 100,000. But we know that organic liquids of molecular 
weight 500 to 1000 are thick and viscous at ordinary temperatures, 
Le, begin to lose their liquid character. Further, Schenk has found, 
by the method of Eotvos that the molecular weight of liquid crystals 
is normal. The hypothesis is therefore contradictory to known facts. 

0. Lehmann, who has worked longest at this problem, comes 
therefore to the conclusion (not inconsequent from his standpoint) 

' Foi‘ applications of Thermodynamics to Metallography see especially Physikalisch^ 
Ohernie tier Meialle^ by R. Schenk (Halle, 1909, published by Knapp). 

^ For details see tlie monograph by R. Schenk, KristalHnische Fliissiykeiten^ Leipzig, 
1905, bei Engel mann. 
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that investigation of liquid crystals has shown the prevalent molecular 
theories to be untenable.^ For example, he discards entirely van der 
WaaTs theory of the liquid state, and considers a liquid a “kind of 
sponge, consisting of liquid molecules attracting each other, in the pores 
of which gaa molecules can move freely.” He throws doubt also on the 
explanation of the critical phenomena, and on Avogadro’s law. It is 
of course quite unnecessary to discuss here such ideas, which arise 
simply from misunderstanding a rather out-of-the-way phenomena ; 
and as Lehmann proceeds in the same arbitrary way in his historical 
account of the subject (see Johnson’s review of Lehmann’s book. Das 
Kruitallisationsmikroskop, 1910; Fr. Vieweg.), a detailed discussion of 
the work of this author is out of place in the present book, which is 
intended to examine not merely experimental detail, but rather 
problems of a general nature. 

One attempt, apparently both logical and successful, to explain on 
molecular grounds the existence of anisotropic liquids of normal 
molecular weight, has been made by Bose. I shall try to explain his 
idea by means of illustrations, and refer to his original papers for 
details. 2 

Starting from Vorliinder’s discovery, that it is chiefly liquids with 
long molecules that form anisotropic liquids, Bose explains the 
anisotropy by assuming a parallel arrangement of the molecules 
(Fig. 48), which are otherwise free to move. A rise in temperature 
increases the molecular motion, and we get an arrangement correspond- 
ing more to the laws of probability; smaller swarms of molecules are 
formed, and a constant interchange takes place between the swarms 
(Fig. 49). At higher temperatures still only isolated swarms occur 



Fig. 48. Fig. 49. Pm. 60. Pig. 01. 


(Fig. 50), and finally we get no regular arrangement at all, as the 
kinetic theory has hitherto assumed to be true in all cases (Fig. 51). 

The observation that at low temperatures the cloudiness diminishes 
or disappears ; the strong illumination of the field of sight when a thin 
layer of the cloudy liquid is placed between crossed Nicols ; the increase 
in volume at the transition point; the viscosity of the liquid both 
when flowing slowly and when turbulent; as well as many other 
phenomena, are very well explained by Bose’s theory. As, according 
to this theory, the molecules retain their kinetic energy, even if it is 
partly diminished in the direction of their motion, the magnitude of 

^ ZeUschr. phys. Chem. 71 . 356 (1910). 
a Phys. Zeitschr. 9 . 708 (1908) ; 10 . 32, 230 (1909). 
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tbe molecular weight found by Schenk is comprehensible. The 
polymorphism of such liquids can also be understood, since with 
complex molecules, especially when there may be partial association 
at low temperatures, many kinds of orientations (such as shown in 
Fig. 49) are possible: the property of some liquids of forming such 
swarms must, however, be attributed to some peculiarity in the mole- 
cular forces, rather than to the long structure of the molecule. 

It is of course quite clear that these swarms ere quite different 
from small crystals ; in the first case the separate molecules move 
freely, in the second they are held fast to certain jmsitioii of 
equilibrium. 

The theory does not, however, lead at once to an explanation of 
the sharpness of the clearing point ; on the contrary, it leads one to 
expect a gradual clearing, which would be dependent oii the wave- 
length of the light by which it was viewed. The author^ was able to 
show, however, by simple thermodynamical reasoning, that if the 
swarms diminished in size very rapidly on rise of temperature, a 
sharp rise in the vapour-pressure cuiwe of the cloudy modification 
was to bo expected, just as the vapour pressure of very small drops of 
a liquid is greater than that of larger drops (p. 708). Hence the 
vapour-pressure curve of the cloudy liquid would cut that of the clear 
liquid (which would be slightly above that of the former below the 
transition temperature), ie. a sharp transition point would be 
expected. 

The observation that in the neighbourhood of the transition point 
the opacity of the liquid increases, in consequence of the smallness 
of the molecular swarms, is in good agreement with this idea. It 
should also be possible to clecir the liquid by a suitable orientation of 
the irregular swarms ; the liquid would then optically have the property 
of a uniaxial crystal. Such an orientation can be obtained under 
certain conditions simply by means of a glass plate (through molecular 
cohesion), or more completely by means of a magnetic field, as was 
first shown by Bose,^ and more thoroughly and recently by the 
researches of Manguin and v. Wartenberg;^ the cloudy liquid is 
quite transparent in the direction of the magnetic field, and in con- 
vergent polarised light the crossed axes are shown ; in fact the liquid 
behaves in every respect like a uniaxial crystal. 

The theory discussed in the last editions of this book, that the 
cloudy liquid was simply an emulsion, and that the transition corre- 
sponded to the critical solution temperature of two liquids (p. 530), 
must be discarded altogether in the light of the above facts; I 
emphasised at the time that it had no proper foundation, and only 
mentioned it because it was at any rate logical in itself, in contrast 


^ Nerust, Zeitschr. /. Klektrochcm. (1910), p. 702. 
* Compt. rend. 152 . 680 (1911). 

» Phys. Zeitachr. 12 . 837, 1230 (1911). 
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to the other ideas then prevalent. At present the above theory, 
though it certainly requires further development in many ways, is the 
only explanation worth considering. 

In both the last editions of this book it was pointed out that a 
deeper knowledge of the phenomenon in question would only be 
obtained by quantitative experiments, and not by qualitative micro- 
scopic investigation ; recent work has shown the truth of this, in 
opposition to O. Lehmann’s contrary opinion (loc. cit.y p. 369). 

The Melting of Salts containing Water of Crystallisation.— 

Among the other phenomena which belong here, and which are of a 
chemical nature, in contrast to those preceding, which are more of a 
physical nature, is the so-called melting of sidts containing water of 
crystallisation. The fact that their fusion is usually accompanied by 
the separation of a salt containing loss water of crystallisation, shows 
that here we are not dealing with a case of simple fusion, i,e. with 
the smooth change of a solid into a liquid. 

Thus from the fusion of Glauber’s salt, there results not only 
a liquid product (a saturated aqueous solution of Glauber’s salt, 
NagSO^ . lOIIgO), but also the solid anhydrous salt, NagSO^. 

Now it is at once evident that we are dealing here with a “ com- 
plete equilibrium ” ; for in the liquefaction of Glauber’s salt there are 
three phases present, namely, Na^SO^ . IOH2O (solid), (solid), 

and HgO + xNagSO^ (saturated solution), and as wo require at least 
two molecular species, HgO and Na2S04 to construct all three phases, 
therefore, according to the phase rule, for a given pressure there can 
correspond one, and only one, temperature at which all three phases 
can coexist beside each other. Below this temperature the reaction, 

NagSO^ . 10H2O±;:Na2SO4 + 101120, 
will advance to completion in the direction from right to left ; above 
this temperature, from left to right. 

The temperature (33''), which corresponds to atmospheric pressure, 
is called the transition temperature.” On account of the very slight 
changes in volume associated with the reaction, this temperature varies 
to only an inconsidemble degree with the external pressure. 

The Formation of Double Salts. — Now there have been found ’ 
a number of transition temperatures of condensed systems which 
consist of four phases, and therefore, according to the phase rule, must 
be constructed of at least three molecular species. 

A reaction of this kind is the formation of double salf^, such as 
blodite (astrakanite, simonite), Na2Mg(S04)2 . ^H^O, from the sulphates 
of sodium and magnesium. This reaction is given ]>y the equation 

Na2S04 . lOHgO + MgSO^ . . 4H2O + ISH^O. 

' vttii’t Hoff and van Deventer, ZeiUchr. phys. Cheni. 1. 170 (1887). 
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The four phases at equilibrium consist of the three solid salts and 
their saturated solution. The temperature of equilibrium is 21*5°; 
above this temperature only the phases occurring on the right side of 
the reaction equation are coexistent ; below it only those on the left. 
This will appear from the following considerations. 

If a mixture of finely pulverised blodite and water, in the proportions 
given above, is prepared below 21*5°, the mixture, which at first was 
a thin paste, hardens in a short interval to a completely dry and solid 
mixture of the first two sulphates. This does not happen above 
21*5°. 

Conversely, if a finely powdered mixture of the two sulphates of 
sodium and magnesium in molecular proportions is made, then above 
21*5° blodite is formed after some time, and the water which is set 
free partially dissolves it ; but below 21*5° the mixture of the finely 
powdered sulphates of sodium and magnesium remains unchanged. 

This case is further complicated by the liquefaction of the Glauber's 
salt, which, as mentioned above, occurs at 33° in the absence of other 
salts ; but here, as a result of the presence of magnesium sulphate in 
molecular proportions, the melting-point experiences a depression of 
7°, just as the melting-point of water is depressed by the presence of 
dissolved salts. 

The conditions for the formation of sofliu7n’a7nmonium-7'acemnte are 
completely analogous. Above 27° the double salt can be obtained by 
rubbing together a dry mixture of dextro and laevo sodium-ammonium- 
tartrates ; but below this temperature it cannot be formed. 

At the transition temperature four phases, namely, the three solid 
salts and their saturated solution, are coexistent. 

At every other temperature the reaction 

2NaNH,CAH4 • 4H.,0^(NaNH4C403H4)2 . 2Kp + GH^O 

advances to completion either in one sense or the other. If therefore 
we wish to separate from an optically inactive mixture dextro and 
laovo modifications by the method described on p. 365, we must carry 
out the experiment on the right side of the transition temperature (in 
this case, e.g., below it). 

The formation of calcium-cf/pper-acetate (CaCu(Ac )4 • 
two salts (Ca(Ac )2 . HgO and Cu(Ac )2 . HgO), and the corresponding 
quantity of water GHgO is peculiar,^ for it takes place easily at lower 
temperatures, but not above 7 6°, and hence, above this temperature, 
the double salt is decomposed, which is just the opposite to the cases 
already described. Further, the decomposition of the double salt on 
raising the temperature is accompanied by a very considerable con- 
traction and by a very apparent change in colour, the double salt 
being blue, the copper acetate green, and the calcium acetate colourless. 

^ Reicher, Zeitschr, pkys. Chan. 1, 221 (1887). 
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The formation of cu]^- potassium - chloride (CuClgKCl), and also 
that of cupric - di - potassium - chloride (CUCI 22 KCI . 2 H 2 O), has been 
thoroughly investigated by Meyerhoffer.^ The transition temperatures 
of the two reactions 

CuClg . 2KC1 . 2H20:^CiiCl2 . KCl + KCl + 2 H 2 O ; 

CuCIg . 2KC1 . 2 H 2 O + CUCI 2 . 2 H 26 ^ 2 CuCl 2 . KCl 4 - 4 H 2 O ; 

are at 92° and 55° respectively; below these temperatures, only the 
systems on the left side are capable of existence ; above them, only 
those on the right side. At the transition temperatures four different 
phases are coexistent, and for their construction we need in both cases 
three molecular species (HgO, KCl, and CuClg). 

The systems standing on the left differ by the presence of a 
molecule of cupric chloride ; the fact that this molecule occasions a 
depression of about 37° in the transformation of the cupric-potassium- 
chloride, reminds us again of the depression of the freezing-point of a 
solvent by the addition of a foreign substance.^ 

The Double Decomposition of Solid Salts.— Finally, some 
condensed systems are known where five phases are coexistent in the 
equilibrium, and hence where four molecular species are required to 
construct the phases. This is the case in the double decomposition of 
solid salts ; as, of magnesium sulphate and sodium chloride to form 
the double salt blodite (a sodium-magnesium-sulphate) and magnesium 
chloride. This occurs according to the equation 

2NaCl + 2 MgSOi . 7H20:;;±MgNag(S0,)2 . + 

MgClj . 6 H 2 O + 4 H 2 O. 

The transition temperature is 31° ; if finely pulverised blodite is mixed 
below this temperature with magnesium ehloride and water in the 
above proportions, the thin paste at once solidifies to a completely dry 
solid mass, which consists of sodium chloride and magnesium sulphate ; 
above 31° the mixture remains unchanged. Conversely, an equimole- 
cular mixture of NaCl and MgSO^ . THgO changes above, but not 
below, 31°, into blodite and MgClg, and the water which is eliminated 
partially dissolves the mass. 

At the transition temperature there are five phases coexistent, 
namely, the four solid salts and their saturated solution. 

The relations are precisely analogous in the reaction 

Na 2 SO, . lOHgO + 2 KCl:^-tK 2 S 04 + 2 NaCl -i- lOllfl, 
the transition tem 2 )erature of which ^ is 3*7°. 

^ Reicher, Zeitschr. phys. Chem. 3. 336 (1889), and 6. 97 (1890). 

2 For further examples, see van 't Hoff, BUduiig und Spallung ron DoppeXsalzen^ 
Leipzig, 1897. 

* van ’t Hoff and Reicher, Zeitschr, phys, Chem, 3. 482 (1889). 
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Vapour Pressure and Solubility at the Transition Tempera- 
ture. — In all the condensed systems mentioned above, the case has 
arisen where n molecular species reacted in n + 1 phases, and hence 
were in complete equilibrium. 

But in every case we can imagine a new phase added to the system, 
namely, the gaseous phase ; because we can think of the system under 
its own vapour pressure instead of atmospheric pressure. This change 
in pressure will cause a displacement of the transition temperature, 
but only a relatively small one, and rarely as much as a few tenths of 
a degree ; for we have just recognised that the chief peculiarity of a 
condensed system is the small dependence of the transition temperature 
on the external pressure. 

Under these conditions we have a system of n + 2 phases, for the 
construction of which we need only n molecular species. That point 
at which the n + 2 phases coexist is therefore a “ transition point ” 
in the sense defined on p. 652, and, moreover, it is an (n + 2)-fold 
point. 

The space above the n-systems will be filled by the vapours emitted 
by each of the solid or liquid phases; and although the vapour 
pressure of any single one (as of the water-free salts, e.g.) may be 
extremely small, nevertheless it is not absolutely zero, but is a definite 
although perhaps minute fraction of the total vapour pressure. 

Now under the conditions of temperature and pressure at the 
transition point, the phases standing on the left-hand side of the 
roaction-e(|uation exist side by side in stable eiiuilibrium with those 
standing on the right-hand side ; hence it necessarily follows that at 
the equilibrium temperature the vapours sent out by each group of 
phases have the same composition ami density. 

Therefore the vapour-pressure curves of two mutually convertible 
systems, e.g. of ice and water, rhombic and monoclinic sulphur, 
Glauber’s salt and the saturated aqueous solution of Na^^SO^, etc., must 
cut each other at the transition point, and also approximately at the 
adjacent temperature of transformation — a conclusion which has been 
most thoroughly justified in all cases thus far investigated. 

Now it is fre(picntly possible to measure the vapour pressures of 
each system both above and below the transition temperature, where 
in the first case one system, in the second the other system, is in a 
labile condition. Then, obviously, the vapour pressure of the stable 
system will be the smaller, and that of the labile system the greater. 
Measurements have, in fact, shown that below the transformation 
temperature the stable system does show the smaller vapour pressure, 
but that above this point the same system, w^hich has now become 
labile, has the greater vapour pressure. 

All analogous conclusion is arrived at for the solubility of two 
groups of phases which are convertible into each other in the sense of 
the reaction equation concerned. 
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Thus if we treat the two systems with any (chemically indifferent) 
solvent at the temperature of transformation, the two solutions obtained 
must have the same composition and concentration ; for if this were 
not the case and the two solutions were placed in communication with 
each other, then the e<iualisation of differences in composition would 
cause diffusion to take place, while at the points where the two groups 
of phases were in contact with their two (communicating) solutions, 
the concentration would be kept constant by continuous solution or 
crystallisation, and such a process would necessarily lead to the 
disappearance of one or several phases, which is impossible as they 
are actually in equilibrium. 

This conclusion has been experimentally verified in a great number 
of cases by van ’t Hoff and his students. 

Thus, e.^., a saturated water solution of bliidito at the transforma- 
tion temperature, 2T5°, had the same concentration as a saturated 
solution of sodium and magnesium sulphates ; under this temperature 
the mixture of the two sulphates, as the more stable system, had the 
lesser solubility, and the solution of blodite, as the labile system, the 
greater solubility. 

Thus the solution of the less stable system has the character of a 
supersaturated solution, and, in fact, crystallisation follows on contact 
with the ingredients of the other systems. 

Above the transition point the behaviours of the two systems are 
reversed, and at the transition point itself the solubility curves intersect. 

The amorphous condensation products of a substance (p. 96) must, 
since they are in an unstable state, have a greater vapour pressure 
and solubility than the crystalline variety. 

The Determination of the Temperature of Transformation. 

— In most cases it is easy to obtain an upper and a lower limit for the 
temperature of transformation by finding two temperatures, at one of 
which the reaction takes place in one way, and at the other in the 
opposite way. But it is only very rarely that an exact determination 
can be made in this way, because the reaction is frequently retarded. 

The following methods, however, which were devised by van 't 
Hoff, and remind us partly of the melting-point determinations (p. .’167), 
are almost always applicable : — 

1. The fact that the change of one group of condensed systems 
into the other is almost always associated with more or less large 
change in volume can be made use of in the following way : 

The ingredients of one group, intimately mixed, are placed in a 
dilatometer, which must be filled with an indifferent liquid, as oil. 
If the temperature of the water bath in which the bulb of the 
dilatometer is placed is then altered very gradually, the level of the 
oil in the projecting capillary tube changes steadily ; but in the 
immediate neighbourhood of the transformation temperature a sudden 
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displacement of the oil level takes place, caused by the transformation, 
and very different from the otherwise steady change. 

It is advisable, as a rule, in order to promote the occurrence of the 
reaction, and prevent the system persisting in the labile condition, to 
mix beforehand with the substances a little of the ultimate products 
of decomposition. 

2. The fact that the change is almost always accompanied by. 
either a development or an absorption of heat can be used to deter- 
mine the transformation temperature in a way similar to that in which 
the development of heat in freezing allows an exact determination 
of the freezing-point. That system which is converted into the other 
with a development of heat is under-cooled ; then when the reaction 
occurs, the temperature rises to the transformation temperature, which 
may be read off from a thermometer dipping into the mixture. 

3. The vapour pressure, or solubility curves of the two systems 
are determined, and then the respective points of intersection corre- 
spond to the temperature desired. 

In order to measure the very slight differences of vapour pressures 
which are met with here, it is advantageous to use the differential 
tensimeter.^ 

Thus, in determining the temperature of transformation of the 


NaaSO, , + lOHgO, 


the vapour tensions were found to be equal at 32*5°- 32*6°; while 
the interpolation of LoeweFs determination of the solubilities of the 
two solid salts, showed an identity of solubility at 32*65°. 


Temi>erature. 

Solutions of 

NII 2 SO 4 


Na.jS04 . lOTT.jO 

31-84° 

40 


50-37 

32-78° 

50-76 


49-71 


The two determinations of the temperature agree excellently, and 
also sufficiently well with the so-called melting-point, 33°, which is 
directly determined. 

4. The theoretical calculation of transition temperatures, by means 
of the new theorem in thermodynamics, will be explained in the fifth 
chapter of this book. 

^ Bremer, Zeitschr. phys. Ghem, 1, 424 ; Prowein, ihid,^ 1, 10 (1887). 
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The Thermodynamics of Incomplete Equilibrium. — Although 
the influence of temperature on a complete equilibrium is always such 
that, at constant pressure, the slightest change of temperature is suffi- 
cient to cause one of the phases to vanish comjiletely, thus occasioning 
an entire rearrangement of the system, yet a similar change of the 
temperature has an entirely different effect in the case of an incomplete 
equilibrium. Here a slight change in the temperature never occasions 
more than a very slight change in the equilibrium ; because the 
relative proportions of the reacting ingredients are always so changed 
by a displacement of the equilibrium in one sense or the other, that 
the slight change in the reaction coefficient caused by a slight change 
in the temperature is exactly compensated. 

The results of a variation in the external pressure, at constant 
temperature, are exactly similar; in the first case [that of complete 
equilibrium], complete elimination of one of the phases takes place ; 
in the second case [that of incomplete equilibrium], there is only a 
very slight displacement of the equilibrium. 

If we' denote by 


dp 

dT 


dT, 


the change in the pressure of a reaction mixture, caused by a rise of 
temperature dT at constant volume, and by 


dQ 

0V 


dV, 


the heat absorption* which takes place if we increase .the volume of the 
reaction mixture by dV at constant temperature, then, according to 
p. 26, we have 
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dV 0f 


( 11 .) 


The equation (1.) on p. 673 is a special case of (II.) and is obtained 
when Q and V are proportional to each other. 

Equation (II.) is applicable both to gaseous systems and also to 
solutions, provided that in the former cases the equilibrium pressure 
p is measured by means of an ordinary manometer, and in the latter 
case by means of an osmotic apparatus. It is also applicable even 
when the gases or the dissolved substances react in a high state of 
concentration,^ or when various solid substances take part in the 
equilibrium. 

It is easy to see that when this formula is applied to the 
equilibrium between a solution and its vapour, we obtain Kirchhoff^s 
equation, which we have already arrived at in a way (p. 115) identical 
in principle with the preceding. 

But equation (II.) is too general to be really useful, and we must 
look for a more convenient form. This can be obtained if we again 
confine ourselves — as in the treatment of complete equilibrium in the 
preceding book — to the case when the phases of systems of variable 
composition are either gaseous at not too high pi'essure, m' else solutions at not 
too high concentration. 


The Reaction Isotherm, and the Reaction Isochore.— It was 

van ’t Hoff who succeeded in reducing to a very simple form, the 
equations which are obtained by the application of the second law of 
thermodynamics to the special chemical processes describkl above. 

Consider a chemical system consisting of one phase which has a 
variable composition (as a gas mixture or a dilute solution), and of 
any number of phases of constant composition, and suppose a reaction 
to take place according to the scheme : — 

iqa^ f rqAi + n^A., + . . + vfaf + . . . 

+ iij Aj^ -f- n^ A2 . . . 

where Vg . . . v/, vf . . . denote the numbers of molecules of the 
reacting solid substsance a^, ag . . . a/, a/ . . . respectively. Then 
application of the law of mass-action gives us the equation 


K- 


Cj"1C.2”2 . . . 

Cj'«'Co'“-' . . . 


(III.) 


where c^, Cg, . . . c/, cf . . . denote the concentrations of the mole- 
cular species, A^, Ag, . . . A^', Af . . . 

The etjuilibnum coefficient K is constant at a given temperature ; i.e. it 
is independent of the relative proportions of the reacting substances : its change 
with the temperature is given by the following equation deduced by van H Hoff: 


^ Compare, e.g.j van Deventer and van der Stadt, Zeitschr. phys. Chem, 9. 43 (1891). 
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dlnK_ U . 
dT 

here, as always, In denotes the natural logarithm, U the heat of 
reaction measured at the abs. temp. T, and R the gas constant. 

This equation is of the highest importance and widest application, 
as will appear in the following sections ; he who would penetrate 
deeper into the relations between heat and chemical energy, must be 
familiar with its meaning and manipulation. 

While the equation of Guldberg and Waage, 

C,niC2-. . . . 

enables us to calculate the influence of changes in concentration at 
constant temperature^ the van ’t Hoff equation 

dhiK^ U 
dT “RT2’ 

instructs us regarding the influence of temperature upon the equilibrium 
of a system at constant volume. Therefore I suggest that the former be 
called the eqmtion of the reaction isotherm^ and the latter the equation of 
the reaction isochore. 

The latter is a differential equation ; its integral is 

InK- + 

where B is an integration constant. 

If the value of K is and Kg temperatures T^ and Tg 

respectively, then we obtain 

In Ki = - + B, 

and 

In Kj = - + B ; 

and by subtraction 

In Kg - In Kj = 

In this integration, it was assumed that U does not change with 
the temperature, which is, in fact, only approximately true. But, if 
the changes are but slight, and the temperatures T^ and Tg are not too 
far removed from each other, then the preceding equation will be 
strictly applicable, and will give a value of U corresponding to the 
temperature 

Tl±X2 



690 


THEORETICAL CHEMISTRY 


BK. IV 


The Derivation of the Reaction Isotherm. — The equation of 
the reaction isotherm, which must be considered the general expression 
of the law of chemical mass-action, can be made to appear correct, at 
least in all probability, by means of kinetic considerations, as we have 
already seen on p. 478. Moreover, as we have already thoroughly 
shown in the third book, a wide experience has shown us that the 
law of mass-action is well founded on experiment. 

In spite of this, this chemi^l law is of such fundamental 
importance, that a closer investigation of the question from the point 
of view of thermodynamics will not be superfluous. 

Following the example of van ’t Hoff we will consider the following 
process. Let a system be given which is either gaseous, or a dilute 
solution ; and moreover, let it be in contact with various solid sub- 
stances. 

Now suppose equilibrium to be established by the reaction, 

+ ■+• . . . 

which takes place according to the scheme on p. 688, the concentration 
of the molecular species A being denoted by c (of course adding the 
corresponding indices). Also, let all the molecular species bo in the 
free state, a^, ag . . . a/, ag' being in the solid state, in which state they 
participate in, the equilibrium, and A^, Ag . . . A/, Ag' being present, 
either as gases if the phase of variable composition of the system 
considered is gaseous, or else dissolved in the respective solvent if the 
variable phase is a solution. These take part in the equilibrium 
according to their concentrations C . . . (again taking into account the 
proper indices). 

We will mppose Vg . . . aTid ng . . . mdemles of the substances 
oemn'ing on the left side of the equation, to he introduced into the murture, 
and at the same time v/, vf , . . and nf, nf . . , molecules of the substances 
m the right side of the equatimi, to he reimved from the reaction mixture. 

We will also imagine the process so conducted that the reaction 
mixture preserves its composition unchanged, so that at every moment 
the quantity of A molecules introduced is equivalent to that of A' 
molecules taken out, and hence in the reaction mixture the change 
from left to right continually completes itself, without causing any 
perceptible alteration in the concentration ratios. 

In this way it is clearly possible to conduct the reaction isothermally 
and reversibly ; the only question is whether we can calculate the 
work so performed. 

It will be simpler first to take a particular case, e,g. the formation 
of water vapour according to the equation 

2Ho + 02 = 2H20, 

Let Cp Cg, c/ be the concentrations of the reacting molecular species 
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at equilibrium, and suppose the substances originally in the free state 
with concentrations Cj, C/. 

We will first deal with the problem of calculating the work involved 
in transferring a mol of gas from a space where its concentration is C 
to one where it is c, and for simplicity we will assume that both 
spaces are so large that the addition or withdrawal of a mol makes no 
appreciable difference to the concentration. If the pressure and 
volume in the two spaces are PV and pv respectively, the mol must 
first be withdrawn from space I, by which the amount of work PV is 

gained, then expanded to volume v, yielding work = RT In ^ (see 

p. 19) and finally introtluced under the constfiiit pressure p into space 
II, which requires work pv ; hence the work gained is 



PV + RT In y - pv, 

or since 

PV = pv, 

simply 

RT In = RT In 


Y c 

since 

< 

11 

P 


In conveying n mols the work is, of course, 

nRT In 

c 

We can now calculate the maximum work done when hydrogen and 
oxygen of concentration Cj, are converted isothermally and revers- 
ibly into water vapour of concentration C/. If two raols of hydrogen 
are taken from a space of concentration Cj into a space where the 
concentration is Cp and there is equilibrium with the other molecular 

C C 

species, we gain work 2RT In ^ ; for a mol of oxygen RT In ^ ; and 

C ^ 

to remove the water vapour formed requires the work 2RT In 
Hence the work gained is 

A = 2ET In ^ + KT In ^ - 2RT In % 

Cl Cg Cl 

or 

C 2C c 2e 

A=:RT In l 0 Cg 

Cl* Cj* 

The maximal work must, however, be independent of the nature 
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of the reaction mixture, which only plays the part of an intermediary 
which suffers no appreciable change during the process. This is only 

c ^c * 

possible if, at constant temperature, the expression RTln-^— , and 
c ^c 

therefore remains constant ; this is, however, nothing else than the 

Cif 

law of mass-action. 

There is now no difficulty in dealing with the most general case. 
We have only to calculate, as in the special case above, the work done 
in introducing into the mixture the substances on the left of the 
equation, and removing those on the right, the process being, of course, 
isothermal and reversible. 

The work done in introducing or removing the molecular species a 
and a' which are solid, is, of course, nothing; the work gained in 
introducing the 'molecules on the left-hand side of the equation is 

n,RTln^ + n„RTln5? . . . 

and the work done in taking out the equivalent molecules on the 
right-hand side of the equation 

-(n/RTln-3 +n 2 'RTln% . . .). 

\ Cl Cg / 

Hence altogether we find 

Since A cannot depend on the nature of the reaction mixture 


Ci^lCg”^ . . . 


is constant ; i,e. we have the law of mass-action in its most general form. 

If the concentrations Cj, Cg, . . . C/, Cg' are all unity we have simply 

A= -RTlnK; 

the maximal work of a chemical process can be therefore very simply 
derived from the constant K. 


Assuming that the process described is realisable in all cases, then the 
proof given above is strictly valid, i,e, the law of chemical mass-action is 
a necessary conclusion from thermodynamics. We can hardly doubt the 
possibility of its realisation in those cases where there are several molecular 
species both on the left and on the right sides of the equation. 

But when this is not the case, when for example we are given a case of 
dissociation tb consider, the doubt arises that the respective molecular species 
cannot be removed from t^e reaction mixture in a pure state, but at once 
dissociate — that is, that if e.g, we wished to remove phosphorus penta- 
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chloride from a mixture of this with phosphorus trichloride and free 
chlorine, it would at once dissociate. 

This doubt may be removed by remembering that we only have to 
remove the molecular species in question quickly enough and bring it into 
such a state that dissociation cannot take place ; e.g. it may be brought to 
a state of strong condensation, or into a solvent which does not cause 
dissociation ; in this way the process described above can be modified in a 
way which is perfectly immaterial for the final result. If we assume the 
possibility of working with sufficient rapidity^ then the process described is 
realisable in all cases^ and we find that the law of mass-action is a strict 
postulate of thermodynamics. 

Now, the maximal work A is not only independent of the relative con- 
centrations, but is also independent of the whole nature of the reaction 
mixture, e.g. it is independent of the nature of the solvent in which the 
equilibrium of the reaction considered is established. 

Hence it is easy to see that if we know the equilibrium constant K for any 
particular phase^ and if we also know the distribution coefficients of the reacting 
7mlecular species as compared with any other phase, then we are also able to 
state the condition of equilibrium in this phase. This result has been already 
obtained in an entirely different way (p. p42). 

If the solvent is one of the reacting molecular species, then it follows (p. 
113) that for the transference of n molecules there is required tlie work 

nRTln 

% 

where c and c^ denote respectively the concentrations of the saturated vapour 
at the temperature in question, of the solution containing the reacting 
substances and of the pure solvent. Now, is constant at a given 
temperature ; whence it follows that the solvent has the active mass c ; i.e. 
we may regard the active mass of a solvent as proportional to the concentration 
of the vapour emitted by it, which proves the proposition given on p. 505. 
This result could not be deduced from kinetic considerations, and was first 
discovered by me in this way. Thermodynamics in such cases can lead us 
further than kinetic considerations, and it should be emphasised that, when 
we deal with concentrated reaction mixtures, theoretical treatment is entirely 
dependent on thermodynamics. If we were in the possession of rules for the 
vapour pressure of mixtures of any degree of concentration, then we should 
be able to treat the reactions of such systems with the same completeness as 
in the case of the reactions of dilute solutions. 

Finally, in order to consider briefly the case of electrolytic dissociation 
from the standpoint of thermodynamics, the application of the law of mass- 
action to electrolytes, which has been discussed in Chap. IV. of the preceding 
book, necessarily follows from the purely experimental result that for the 
compression of an electrolyte which is dissociated into n ions, n times as 
much work is required as in the case of the undissociated substance. 

The Derivation of the Reaction Isochore. — The equation of the 
reaction isochore is at once given by the application of the fundamental 
equation (p. 23) : 



694 


THEOEETICAL CHEMISTEY 


BK. IT 


A - U = T 


(lA 

df 


to the process considered on page 690. We found the maximal work 
A to be 


A = llTln 




-KTlnK; 


• • • 

dT . . . 


-RlnK-RT^!^-. 

al 


The decrease in total energy U is, howevei', nothing else but the 
latent heat of the chemical process, i.e. the heat which is given out 
when the process takes place without ipeiformance of external work 


dA 


It follows on introducing the value of A and 


that 


U = RT2 


dlnK 
df ‘ 


This is the equation of the reaction imhore. 

Now it should be expressly emphasised that, as also doubtless 
follows from the derivation of the equation of the reaction isochore, 
we are dealing with the concentrations and not with the partial pressures of 
the particular molecular species. It was immaterial in the application 
of the ecjuation of the reaction isotherm whether we worked with one 
or with the other of these magnitudes ; but this is not the case with 
the reaction isochore, since if the temperature is changed at constant 
volume the concentration of a substance remains constant but not its 
pressure. 

In what follows we shall make several applications of the integrated 
form of the preceding equation, obtained on p. 689 : 

If we express as usual the heat of reaction U, in calories, then K 
amounts to 1*985 (p. 47). If we work with (O'dinary logarithms 
instejid of natural, then we get finally 

^ ^ 4j5^1 (log^ ~ 

Tg - Tj 

Vaporisation. — We have found for the equilibrium between a 
simple liquid and its saturated vapoui*, the relation 


i,e, for every temperature there corresponds a definite concentration 
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of the saturated vapour. Now if we denote, by pj and pj respectively, 
the values of the vapour pressure corresponding to the temperatures 
Tj and' (which are only slightly different from each other), then 
we obtain from the preceding equations 


In 


Ps 

Te 




From the figures which Regnault obtained for water, viz. 

Tj = 273% Pi = 4*54 mm., 

T 2 = 27,3^^+ 11*64^ P 2 = 10*02 mni., 

it follows thtat U = 10,030. Now the molecular heat of evaporation 
X, at 5'77% was found to be 10,854; and if we subtract from this 
latter value the external work, 2T = 558, then it follows that 


U = 10,296, 

a value which is in satisfactory agreement with the preceding, 
measurements by Henning ^ give for U the value 

U= 10,663-558 = 10,105, 


which agrees still better with the calculated value. 
We have previously (p. 60) found that 


X = RT2 


d In p 

~df ' 


I^ater 


Now if we compare this equation with that obtained by the application 
of the reaction isochore, namely, 


u = Rr-* 


dln,j 

df 


we obtain, in agreement with what precedes, the equation 


X - U = RT2 


dlnT 

dT 


= RT. 


For a more exact application of the second law of thermodynamics to the 
vapour-pressure curve of water, we must take into account the fact that 
wat<er vapour contains double molecules, and therefore departs from the gas 
laws even at great dilutions. If proj^er allowance is made for this wo obtain 
so exact an agreement between the heat of evaporation measured by Henning, 
and the vapour-pressure curve measured by Holbom, Henning and Scheel, 
that, taking into consideration the accuracy of these measurements, we 
may regard it as one of the sharpest proofs obtainable of the truth of the 
second law.'*^ 


1 Ann. d. Physik [4], 21. 849 (1906). 

* See Nernst, Verhandl. d. Phya. Oe$, 12* 666 (1910). 



696 


THEOEBTICAL CHEMISTRY 


BK. ‘IV 


The Dissociation of Solid Substances.— The heat oj sMimatioh 
of a solid substance can be calculated from its vapour pressure at two 
different temperatures, in exactly the same way that the* heat of 
vaporisation is calculated for a liquid. Therefore here we will consider 
only the case where the sublimation is attended with dissociation* 

Let us suppose that the solid substance is broken up into n^ mols 
of the substance A^, and mols of the substance and that the 
partial pressures of the particular molecular species amount respect- 
ively to Pi, pg, etc. Then, according to p. 487 : 


K = c/%”=‘ . . 


Pl°lPg»2. . . 


If the decomposition products in the vapour space in contact with the 
solid bodies are present in the same proportion in which they are 
produced by the reaction, then we have 




P2 


= P- 


n, + Uo + 


where P denotes the total pressure (dissociation pressure) of the gases. 
If this amounts to and Pg for the two temperatures T^ and To 
respectively, then it follows that 


In Kg - In = (n^ + 03 + 




In the dissociation of ammonium hydvosul^hide^ . 

NHgS = NH3 + H2S; 

n^ = 1 and ng = 1. Hence 


Tj 2R\T2 IV 


And from the figures 

Ti = 273 + 9-5°, Pi=l75mm., 

Tg = 273 + 25*1^ Pg - 501 mm., 

it follows that U = 21,410 g.-cal. 

Now the themio-chemical measurements give 22,800 as the mole- 
cular heat of sublimation of NH^SH ; and if we subtract from this 
value the amount of the external work, Le, 


4T=1160, 


we obtain’as the value of U observed, = 21,640 g.-cal.^ 

It is of some historical interest to point out that, by a calculation 
which is completely analogous to the preceding, Horstmann^ in 1869 
ascertained theoretically the heat of sublimation of ammonium chloridey 


^ van 't Hoff, M%Kde8^ p. 139. 

« B&r. 2. 137 (1869) ; more thoroughly 14. 1242 (1881). 
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and thus for the first time applied the second law of the mechanical 
theory of heat to chemical processes ; the great fruitfulness of the law, 
when applied in this direction, has been clearly brought out by the 
investigations of Horstmann and his successors. 

A similar calculation can of course be made for the dissociation of 
compounds containing vxnter-of-crystallisation ; and thus the combining heat 
of water-of-crystallisation can he theoretically calculated from the 
change of the dissociation pressure with the temperature. Horstmann 
called attention to this, and later on Frowein^ investigated it 
thoroughly. 

Moreover, the curve of the dissociation pressure of ccddum carbonate ^ 
has made possible the calculation of the heat of formation of this 
substance from COg and CaO. 

The Dissolving of Solid Substances. — The analogy between 
the processes of dissolving in any solvent, and of evaporation, is also 
shown by the fact that the same formula which allows us to find the 
heat of vaporisation from the change of the density of the saturated 
vapour with the temperature, allows the calculation of the heat of solu- 
tion from the change of solubility with the temperature. Thus, since every 
substance has a definite solubility in a definite solvent at a definite 
temperature, we have simply 

K = c; 

here c denotes the concentration of the saturated solution at the 
temperature T. Let us suppose that c has the respective values c^ and 
Cg, at the temperatures T^ and ; then for the heat U developed 
during solution, i.e. the negative value of the heat of solution (p. 639) 
of 1 mol of the dissolved substance, we obtain 

In = 

From the solubility of succinic acid in water 
Cl = 2*88, Ti = 273°, 

• C2 = 4-22, Tg^ 273° + 8-5", 

van^t Hoff^ calculated the value of U to be 6900, while direct 
measurement by Berthelot gave 6700. 

The values of the solubility denote the weight per cent. By the 
term mol is meant of course that quantity of the dissolved substance 
which exerts, at the same volume and temperature, the same [osmotic] 
pressure as 1 mol of an ideal gas, and therefore the applicability of the 
preceding formula involves a knowledge of the molecular condition in 
the solvent used. In the special case just considered, succinic acid 

^ Zeits, phya. Chem. 1 , 6 (1887). 

® Le Chateli^r, l.c. 98. ^ Loia de Vfquilxbref etc., p. 37 (1885). 
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m dissociated electrolytically to only a slight extent, and therefore has 
the normal molecular weight. 

Conversely, from the comparison of the observed heat of solution 
with that calculated, it is, of course, possible to draw an inference as 
to the size of the molecule in the respective solvent. 

The correction for the external work performed, which was of 
importance in the case of the heat A. of vaporisation (see above), can be 
neglected in the case of the heat of solution, because no perceptible 
external work is associated with the solution of a solid substance. (See 
also p. 143, where Q denotes the heat of solution under the osmotic 
pressure of the saturated solution, and differs from U by the amount 
of the external work, 2T.) 


The Dissociation of Solid Substances on Solution —This 
case is, of course, treated in a way exactly similar to that for the dis- 
sociation of solid substances on vaporisation (p. 696). 

As an example we will consider the solution of silver chloride ; 
thus, 

AgCl - Ag + Cl. 


If the solubility of this substance at Tj and Tg is c^ and Cg respectively, 
then it follows that 


In c. 


In Cg = 


2RVt, 



F. Kohlrausch and F. Eose^ have measured the conductivity of 
saturated silver chloride solutions at a number of different tempera- 
tures, and give for the solubility ct at f the formula 

ct = Ci8[l + 0-049(t - 18) + 0-00089(t - 18)^] 
which agrees well with their observations above 18°. 

It is more convenient here to apply the unintegrated equation 

U = 2RT2 

from which we get 

dlnc_ 0;049-t-2 • 0-00089(t- 18) 

^ dTT “ 1 + 0-049(t - 18) + 0*00089(t - 18)2‘ 

From this may be calculated that at 22° IJ = 16,000, whilst on 
p. 646 we found 15,800. The agreement is remarkable, — c^g is 
1*05 X 10'® g. equiv. per litre. 


The Solution of Gases.— For gases we have 



^ Wied. Ann. 60 . 186 (1893) ; see also F. Kohlrauscli, Zeits. phys. Chem. 44 , 
197 (1903). 
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where c denotes the concentration in the gaseous state, and c' that in 
solution (Law of Henry). Let us denote the Bunsen coefficient by a ; 
then, according to p. 526, 



and therefore 


U = KT2 


dInK 

dT “ 


KT2 da 
a dT 


+ RT. 


The heat of solution Q amounts to 

Q=RT-U; 

and therefore, according to KirchhofF (1858), 

RT2 da 
a df’ 

Thus Naccari and Pagliani ^ found for carbonic acid, that 

a = 1-5062 - 0*03651 t4- 0*000292 t^ ; 

from which, for t=20 (ie. T=273° + 20°), Q is calculated to be 
4820 ; while Thomsen by a direct measurement found 5880. It is 
probable that the measurements of the absorption coefficients are not 
accurate enough for this calculation ; thus, for instance, the older 
measurements of Bunsen are entirely unsuited for this purpose. 


The Dissociation of Gaseous Substances. — If a molecular 
species A, whether it exists as a gas or in dilute solutions, decomposes 
according to the general equation of dissociation, 

A = iijAi + n^Ag + . . . ; 

then at equilibrium we have 

Kc = Cj^iCg”^ . . . ; 

where c, c^, Cg . . . are respectively the concentrations of A, Aj, 

Ag * . . 

If the dissociation products are present in equivalent proportions, 
and if x denotes the dissociation coefficient, then, if 1 mol occupies 
the volume v, we hjive 


and therefore 


c== 


1 - X 


TT _ • • • X“l+”2+ • . 


Let us suppose that the mol considered occupies the volumes v^ 
and V 2 at the temperatures T^ and Tg, and that it is dissociated to the 


1 dm. [3], 7. 71 (1880). 



700 


THEORETICAL CHEMISTRY 


BK. IV 


fractional extent of Xj and Xg respectively. Then the equation of 
the reaction isochore gives, for the calculation of the heat of dissocia- 
tion, the relation 

jj^ni+na+ . . . • ■ ■ _ 

R\T, T/ 

Let us apply this equation to the dissociation of nitrogen dioxide. 


then 

and we obtain 


2NO,= NA; 

n^ = 2, n^ . . . = 0, 


In 


(1 -XsK 


1 -E/^I 

'"(r-xiK-KlT, 



Let tlie vapour density, at the temperatures and Tg, and at 
atmospheric pressure, be and A2 respectively ; then, according to 
p. 379, we shall have . 

3‘179-As , 3*179 -A^ 

X. = and Xa = ; 

Aj ^ ^2 

where 3*179 is the vapour density without dissociation, as calculated 
from its molecular weight, NgO^ = 92. 

Now the volumes occupied by 1 mol of NgO^, in the two cases, 
are respectively 

Vi = 0-0821Ti^^, and = 0 0821X2-’^^^ ; 

•> 

because the mol of an ideal gas at T, and at atmospheric pressure, 
occupies the volume, 0*082 IT litre, and the volume of 1 mol 
of N2O4, as a result of the partial decomposition, is increased in the 

patio - Observing, moreover, that 


1 + x = 


3*179 


we finally obtain 

From the values 

Ti= 273+ 26•7^ Ai = 2*65, Xi = 0*1996, 

T2= 273 + lll•3^ A2=1*65, X2 = 0*9267, 

it follows that 

U = 12,900. 

The dissociation of 92 g. of NgO^ then requires the very consider- 
able quantity of heat of 12,900 g.-cal., provided that it occurs without 
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the performance of external work; as, e,g.^ by connecting a vessel 
filled with nitrogen dioxide with another which is exhauste'd ; during 
the equalisation of the pressure, the volume of the enclosed gas is 
increased, and therefore a certain fraction of it, which can be calculated 
from the equation of the isotherm of dissociation, is dissociated into 
the single molecules. 

Such an experiment, which would lead to a direct determination of 
U, has not yet been carried out ; but by means of the measurements 
by Berthelot and Ogier (p. 380) of the mean specific heat of nitrogen 
dioxide between 27'" and ISO"" under atmospheric pressure, van ’t Hoff ^ 
calculated the heat of dissociation by subtracting from the quantity of 
heat required for this rise of temperature, the energy required for the 
simple warming of the gas, and also the energy consumed in the 
performance of the external work, thus obtaining the energy used up 
in the dissociation. It coincides well with the calculated value ^ 


U = 12,500. 

Swart ^ showed later that all the vapour-density determinations 
of nitrogen dioxide are in harmony with the preceding formula, and 
that, moreover, the variation of the specific heat of this gas, as 
observed by Berthelot and Ogier, can be completely calculated on 
theoretical grounds. 

Now if we substitute in the integrated equation of the reaction 
isochore (cf. also p. 488) 

4x2 4x2p 

^“■(l-~x)v’'(l-x2)RT 


(where P = the total pressure of the gas), we obtain 


In 


(l-x2)T_ 


X2P 


KT 


+ a const. ; 


or after introducing the theoretical vapour density 3, and that 
observed A, we obtain 


In 


(2A-S)T U , , 

(63a)ip--Kr+“““‘- 


This is a general equation of condition for gases existing in the state of 
binary dissociation. 

In order to determine U and the integration constant, measure- 
ments of the vapour density at two different temperatures must be 
made; and then by means of the two preceding formulae we can 
calculate the degree of dissociation, and also the vapour density, for 
any conditions of temperature and pressure (U being assumed in- 
dependent of T). 

1 j^tudes p. 133. ^ See also Boltzmann, Wied. Ann, 22. 68 (1884), 

3 Zeits,phys, Ghem. 7. 120 (1891). See also Schreber, ibid. 24, 661 (1897). 
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It should be observed, in making calculations of this kind, that the 
constants in the two equations have different values, as is apparent 
from the derivation. The first form is more convenient to work with, 

• 

especially when a table is calculated for In ~ — ^ in every case. 

It was shown by Gibbs ^ (1879) that all the observations on the 
vapour densities of formic acid, acetic acid, and phosphorus penta- 
chloride, can be satisfactorily represented by means of the preceding 
equations. ♦ 

The Dissociation of Dissolved Substances.— The formulae 
developed in the preceding section can be applied to this case without 
alteration ; and denote respectively the volumes at and Tg of 
solutions containing 1 g.-mol, and Xj and Xg the respective degrees of 
dissociation under these conditions. For the special case of a binary 
electrolyte, we have 

In = In _ -L') . 

K, x;^(l->xjvg li\T, 

on account of the very slight expansion of water solutions from heat 
one may, without hesitation, make v^^Vg, if the same solution is 
investigated at two temperatures. 

We have only a few data at hand for the calculation of the heat of 
ordinary dissociation in solution,'^ As, however, the measurement of 
electrical conductivity leads to an exact determination of the degree 
of electrolytic dissociation, data for the calculation of the heat of 
dissociation can be obtained by the very simple and exact measure- 
ment of the temperature coefficients of the conductivity. 

In this way Arrhenius ^ ascertained the heats of dissociation for 


Electrolyte. 

U 

Acetic acid ' 

- 28 

Propionic acid . . . . i 

183 

Butyric acid 

427 

Phosphoric acid .... 

2103 

Hydroiluoric acid .... 

3200 


the electrolytes given in the preceding table : the figures refer to a 
temp, of 21*5°. 

At higher temperatures U increases, i.e. the specific heat of the 

' SUl. Jour.n. 181 277 (1879) ; see also p. 529. 

From the results of experiments on the partition of benzoic acid between two 
solvents, Hendrixson (p. 633) calculates the heat of dissociation of this substance in 
benzene to be 8710 cal. — a relatively high value. 

^ Zeits. phys. Qhem. 4 . 96 (1889), 9 . 339 (1892) ; see also Petersen, ibid. 11 , 174 
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electrically neutral molecules is greater than that of the free ions ; the 
heat of dissociation of acetic acid at higher temperatures is positive. 

In this way, therefore, it is also found that the dissociation of a 
substance into its ions is usually attended with a development of heat. 

The value for hydrofluoric acid agrees well with the value 2570, 
found on p. 644, especially when we consider that the latter value 
could only be roughly estimated. 

A stricter calculation shows that the coincidence between the heats 
of dissociation calculated from the conductivities, with the thermo- 
chemical measurements of Thomsen, is excellent ; this is shown by 
the following results, which are calculated according to the more 
exact formula of Arrhenius (p. 645) ; here x, the dissociation heat of 
water, is put at 13,210, and the values of W, Wj, and Wg are 
ascertained from the conductivities. 


Acid. 

Obs. 

Calc. 

HCl 

13,700 

13,740 

HBr 

13,760 

13,760 

HNO, 

13,810 

13,680 » 

CoHgCObH 

13,400 

13,450 

16,270 

HF 

16,120 1 


The figures refer to the heat developed on neutralising the acid 
with sodium hydroxide, the concentration of acid and base being 

normal. 

Attention should be especially directed to the fact that the value of 
the heat of neutralisation does not stand in any direct relation to the strength 
of the acid. Thus propionic and hydrofluoric acid are both weak acids ; 
yet the neutralisation heat of the former is smaller than, and that of 
the latter is greater than, the heat of neutralisation of either of the 
three strong acids, HCl, HBr, or HNOg. This shows, therefore, that 
we cannot detect any simple relation between the heat of dissociation 
of acids and their strength. Hence we cannot measure the affinity 
between an acid and a base by the quantity of heat developed when 
they neutralise each other, as has been so often wrongly proposed. 

If an electrolyte develops heat on ionisation, then its dissociation 
must diminish with rising temperature. If a solution of such an 
electrolyte is warmed, the number of conducting molecules is diminished, 
which tends to make its conductivity decrease. But, on the other hand, 
the conductivity increases considerably on account of the diminished 
ion friction, and as the latter influence preponderates, an increase of 
the conductivity of aqueous solutions with rising temperature is almost 
always observed. 

It was Arrhenius who, guided yb these considerations, first dis- 
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covered those electrolytes, where, conversely, the restraining influence 
of the diminishing ionisation preponderates. Thus phosphoric and 
hypophosphorous acid, at the respective temperatures of 54° and 75°, 
show maxima of conductivity, and above these respective temperatures 
have negative temperature coefficients. No one before this had 
suspected the existence of such electrolytes. 


Electrolytic Dissociation of the Solvent.— We found on 
p. 554, for the dissociation of water, 

K = Co2; 

whence the heat of combination of the ions is 




In this equation U is known (p. 644), so that the temperature 
coefficient of the dissociation can be calculated. Since the temperature 
coefficient of the ionic friction is also known, that of the conductivity 
may be arrived at theoretically, and Kohlrausch and Heydweiller^ 
calculated it as 5*81^ at 18°; this is unusually large, because in this 
case increase in ionic mobility is associated with a rapid rise of dissocia- 
tion with temperature. These observers found that with increased 
purity the temperature coefficient increased from 2*4% as shown by 
ordinarily ‘‘pure water,’^ to a maximum of 5*32^. The theoretical 
temperature coefficient is thus nearly, but not quite reached, so that 
the most completely purified water is probably not quite pure. The 
authors mentioned estimated the remaining trace of impurity from the 
difference between the observed and theoretical temperature coefficient, 
and in this way obtained a fairly accurate value for the dissociation 
of water. They found at 

t = 0° 10° 18° 34° 50°, 

C(, = 0-35 0-56 0-80 1*47 2*48 ; 

where c^ is the amount in raols dissociated in 10,000,000 litres. 


Production of Endothermic Compounds at High Tempera- 
tures. — The equation of the reaction isochore teaches us that the 
dissociation of a compound increases with rising temperature when it 
takes place with absorption of heat, or, which is the same thing, when 
the compound is exothermic, ie. is formed from its components with 
formation of heat. Conversely, an endothermic compound becomes 
more stable as the temperature rises, and when, like hydrogen peroxide, 
the substance in question is practically completely dissociated into its 
components (water and oxygen) at ordinary temperatures, it becomes 
the more stable the higher the temperature (provided, of course, that 
the heat of reaction does not change its sign at high temperatures). 

1 Wied.. Ann. 63. 209 (1894). 
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This explains why noticeable quantities of hydrogen peroxide are 
present in the oxyhydrogen flame, as M. Traube (1885) showed; it 
also explains the formation of nitric oxide in air heated to a high 
temperature, and of ozone in strongly heated oxygen, etc. 

The equation of the reaction isochore may be applied in the most 
complete manner to the case of nitric oxide the following table 
gives the percentage (by volume) x of nitric oxide formed in air at 
the corresponding absolute temperatures. The values given in the 
third column are calculated thermodynamically from the assumption 
that the reaction 

N2 + 02=2N0 

takes place with the (constant) absorption of heat of 43,200 cal. 


T. 

X (obs.). 

X (calc.). 

1811 

0-37 

0*35 

1877 

0*42 

0-43 

2023 

Between 0*52 and 0*80 

0-64 

2033 

0*64 

0-67 

2195 

0-97 

0*98 

2580 

2*05 

2-02 

2675 

2-23 

2-35 


Cases like these are examples of the phenomenon of apparemt stability 
at low temperatures, because the substance in question only decomposes 
very slowly. Thus nitric oxide can be kept for any length of time at 
room temperature, although at equilibrium it would be practically 
completely decomposed. At very high temperatures, on the other 
hand, where equilibrium is attained very rapidly, we enter on a range 
of true stability. 

General Integration of the Reaction Isochore. — Experience 
shows that specific heats only alter very slowly with the temperature, 
so that we can express them accurately by a formula such as 

c = Cq + aT + bT^ 4- . . . 

Cq is therefore the specific heat at very low temperatures. Now as 
(p. 634) the alteration of the heat of reaction with the temperature is 
determined by the specific heats of the substances taking part in the 
reaction, we can also assume 

U = Uo + aT + i8T2 + yT3+ . . . 

where Vq is the heat of reaction n^ar absolute zero. By substituting 
in the equation of the reaction isochore U = RT^— and integrating. 


2 Z 


^ Nernst, Zeitschr. anorg, Chem, 40 , 213 (1906), 
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we find 


InK- 


RT R 


lnT + |T + 


R 2R 


T2 + 


+ I 


where I is the integration constant. 

The right-hand side of this equation contains — beside the integra- 
tion constant — only purely thermal magnitudes (heat of reaction, 
specific heats and their temperature coefficients). 

We shall make frequent application of the above equation further 
on ; it may be pointed out here that Gibbs, Le Chatelier, and in more 
recent times especially Haber in his excellent work Tliermodynamik 
techiiischer Gasreaktionen (Miinchen, 1905), have made frequent use of 
the general form of the integrated equation of the reaction isochore. 

It is, however, obviously only an artifice to express c and U as a 
series of integral powers of T ; on p. 256 ff. we have discussed functions 
which represent the changes in specific heat much more accurately, 
and which at the same time must be considered far more reliable 
owing to their connection with the radiation theory. Examples of 
the use of these functions will be given later. 


As an example of the use of the above equation, we will consider the 
technically important equilibrium of ammonia. (Nernst, Zeitschr. f. Elehtro- 
chem, (1910), p. 100.) 

3H2 + N2 = 2NH3. 

From the specific heats we obtain the formula ; 

Q = 21980 -h 7.0T + 0-00331T2 ~ 2*44T4 x lO""® 


applicable between ordinary temperatures and 1000” C. 

Hence 

1 1 [HaFlNal 21980 ^ 0-00331„, 0*81 , 

log K= log - 4-67lT+®^ T + - 4-671^ ^ 

By giving the integration constant the value 1 = 0*440, we obtain the 
following numbers : 


T, 

Vk . 

Per cent formation of NH at 1 atm. 
pressure. 


Haber. 

Jost. 

Formula. 

Haber. 

Jost. 

Formula. 

978 

1073 

1903 

1273 

1470 

2790 

6000 

8767 

1880 

3700 

7606 

10200 

1780 

3644 

7826 

11666 

0*0221 

0*0117 

0*0065 

0*0048 

0*0174 

0*0088 

0-0043 

0*0032 

0*0183 

0*089 

0*042 

0*0029 


The column headed “Formula” probably contains the most reliable 
values for the ammonia equilibrium at the present ; it will be noticed that 
the results of Haber and Le Rossignol {Zeitsch. /. Elektrochem. 14. 181 
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(1908)) differ widely from those deduced by means of the second law of 
thermodynamics; those of Jost, however {Zeitsch. /. anorg. Ghem. 57. 425 
(1908)), agree very well at all temperatures. Further experiments seem 
desirable. 

The Law of the Mutuality (Fertretharkeit) of Phases.— i/ two 

phases, respecting a certain definite reaction, at a certain temperature, are 
in equilibrium with a third phase, then at the same temperature and respecting 
the same reaction, they are in equilibrium with each other. 

This law, which explains itself, is an immediate conclusion from 
the considerations advanced on p. 652. It also follows necessarily 
from the law (p. 18) that it is not possible to construct an apparatus 
which can yield continuous external work when kept at a constant 
temperature. 

For if two phases, A and B, were in equilibrium with a third, C, 
but not with each other, then in a combination arranged as follows, 

C 

A B, 

there would occur at first a displacement between A and B, which 
would disturb the equilibrium with C. Hence at constant tempera- 
ture the respective reactions between A and B, B and C, and C and 
A, would take place continuously, without ever establishing an 
equilibrium. 

We have already made repeated applications of this law (pp. 134, 139, 
631) which clearly illustrate its fruitfulness. 

If we consider, e.g,, a reaction such as the removal of water from different 
phases, then the preceding law teaches that two liquid or solid phases which 
are in equilibrium with water-vapour of the same pressure must also be in 
equilibrium with each other. 

If we treat a liquid with a solid salt, then the latter will absorb more 
water the smaller the dissociation pressure of its water-of-crystallisation 
(p. 614). This observation gives us the theory of the method of drying. 

If we have once investigated the equilibrium between water-vai^our and 
ether containing water, then conversely the determination of the quantity 
of water taken up by shaking a salt hydrate with ether will give the 
dissociation pressure of the salt, as was shown by Linebarger.^ 

The identity of the law of the relative depression of the solubility 
(p. 147) with the law of the relative depression of the vapour pressure is 
also an immediate deduction from the preceding i)rinciple. 

According to p. 516, the product of the partial pressures of ammonia 
and hydrochloric acid over sal-ammoniac is constant ; according to the above 
law the product must be the same over a saturated solution of sal-ammoniac. 
Since, however, free ammonia is present in the solution, in consequence of 
hydrolysis, but hardly any free undissociated hydrochloric acid, the partial 
pressure of the ammonia is greater than that of the hydrochloric acid, so 
that on evaporation the distillate is alkaline, the residue acid. 


^ Zeits, phys. Ghem, 13, 600 ( 1894 ). 
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Influence of the Extent of a Phase. — A general law was 
stated on p. 507, and has been applied since, that equilibrium in 
heterogeneous systems is independent of the extent of the phases, e.g, 
the vapour pressure of a liquid is independent of the amount of liquid, 
the solubility of a solid independent of the amount of solid. A simple 
thermodynamic consideration shows, however, that this is only true 
when the extent of the phase does not fall below a certain minimum. 

If from a given heterogeneous system we allow unit mass of a 
phase to disappear, by means of a change in pressure, a certain 
amount of work A can be performed by the system. If now we first 
suppose this unit mass divided into n equal parts, separate in space, 
and that to perform this separation requires An of work, then we 
must have 

A = A'-.An, 

where A! is the work done when the unit of mass disappears in n 
portions. 

So long as the subdivision is not carried too far. An remains in- 
finitesimal, so that the law as originally stated is true ; but as soon as 
the work of subdivision becomes appreciable, A' differs from A, and 
therefore the active mass of the phase is changed ; for the modified 
equilibrium we have simply • 

A = RTlnK = RTlnK'- An, 

where K' is the new reaction constant ; the latter may be calculated 
when An is known. 

This can easily be found for a liquid from the surface tension ; 
in this case the equation becomes identical with the formula given 
by Lord Kelvin in 1870 for the increase of the vapour pressure of 
very small drops. 

The work of subdivision for solids is unknown ; but G. A. Hulett ^ 
showed experimentally that very fine powder is more soluble than 
large crystals; e.g, barium sulphate, ground into powder of about 
10'® cm. diameter, is nearly twice as soluble as larger crystals of the 
same salt. This is a fact of the highest importance for the theory of 
spontaneous crystallisation. 

The process of crystallisation is also remarkable from the molecular 
standpoint. We are obliged to assume that a crystal cannot be formed (e.g. 
in a super-cooled liquid, or a super-saturated solution), unless a not inconsider- 
able number of molecules, arranged in a suitable way for the formation of 
the crystal, collect together in one point : it is highly probable that the 
smallest possible crystal individual consists of a very large number of mole- 
cules. The probability that a crystal will be formed may therefore be very 
small indeed, and this is borne out by experience, for a super-cooled liquid 


^ Zeitschr, phys, Chem , 87 . 386 ( 1901 ). 
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may be often kept a very long time, before crystallisation begins, while a 
crystalline precipitate may be started by a number of nuclei which is extra- 
ordinarily small compared to the total number of crystallising molecules. 

. The fact that the crystellisation of an apparently completely homogeneous 
liquid can start at definite points shows, of course, the necessity of a mole- 
cular kinetic theory, for in no other way can we explain the occurrence of a 
visible heterogeneity in an apparently homogeneous liquid at places which 
are far removed from each other compared to the molecular dimensions. 

G. Tamraan {Zeitschr. physik Ghem. 25. 441, 1908) estimates the minimum 
number of nuclei which can start the crystallisation of a super-cooled liquid 
in favourable circumstances as not more than 1000 per minute per cubic 
millimetre. An increase in the degree of super-cooling first increases the 
number of such nuclei, but if the super-cooling is carried further the number 
decreases and finally sinks practically to zero. (See also p. 96.) 

The theoretical significance of this striking behaviour seems to me to be 
as follows. The greater the super-cooling, the smaller will be the smallest 
crystal capable of existing as such ; hence the probability of the occurrence 
of that molecular arrangement necessary for its formation will also be 
greater. On the other hand the rapidity of molecular movement decreases 
with the temperature, so from this cause the probability of its formation 
will be smaller, and at the absolute zero the formation of a crystal will be 
impossible. The combination of these two factors leads to the result 
observed by Tamman, See the pai)er by Ktister, Zeitschr. anorg. Chem, 33. 
363 (1903). 

The Influence of the Temperature, and of the Pressure, 
upon the State of Chemical Equilibrium. — 1. Up to now we 

have only employed our fundamental thermo- chemical formula, 

dlnK^ U 
dT "RT2’ 

to calculate, from the displacement of a chemical equilibrium, the heat 
of reaction which is associated with the reaction, the equilibrium of 
which we are investigating. Conversely, we can, of course, estimate 
the influence of temperature from the heat of reaction, and thus 
obtain the following law : — 

If we heat a chemical system^ at constant volume, a displacement qf 
equilibrium occurs in the direction in which the reactmi takes place with 
absorption of heat 

For if U >0, K decreases with increase of temperature, Le. the 
equilibrium is displaced on increase of temperature in the sense of 
the chemical equation from right to left, i.e. in the sense in which 
the reaction proceeds with absorption of heat. 

Of course, the preceding formula really only proves this law for 
those systems for which it is strictly valid, namely, for equilibria in 
gases or dilute solutions. But we have already seen that the law can 
be applied to condensed systems (p. 674). Thus it is universally valid. 
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Those 5 chemical forces which cause a development of heat will 
always be weakened by an increase of temperature ; and conversely, 
those which cause an absorption of heat will be strengthened by a 
rise in temperature ; and it is this fact which makes the above law 
universally valid. 

This law, which van’t Hoff called the principle of mobile equili- 
brium^^ (principe de IVquilibre mobile), is of the greatest assistance. 
Thus it shows us at once that, e.g., the pressure of a gas, the vapour 
pressure, the degree of dissociation, etc., must each and all increase 
with the temperature ; because the expansion of gases, evaporation, 
and the decomposition of complex molecules into more simple ones, all 
take place with absorption of heat. 

The transformation of acetic acid and alcohol into water and 
ester is unaccompanied by any noticeable evolution of heat (p. 642), 
and therefore the state of equilibrium between these substances is 
independent of the temperature (p. 493). 

Substances formed with’absorption of heat, such as ozone, acetylene, 
hydrogen peroxide, which are unstable in high concentration at 
ordinary temperature, must become more stable at high temperatures. 

2. Completely parallel with the preceding law is one which 
concerns the influence of pressure upon a chemical equilibrium ; — 

If we compress a chemical system at constant temperature, a displacement 
of equilibrium takes place in the direction which is associated with a diminu- 
tion of volume. 

This law can be easily derived for gaseous systems, from the law 
of mass-action (see p. 484). It holds good, however, universally. 
The solubility of a salt in water, e,g,, will increase with the pressure 
when it takes place with a contraction of the solutimi plus the salt ; and 
conversely, the solubility will decrease if the separation of the salt is 
associatecl with a diminution of the volume of the system.^ Those 
chemical forces, in fact, which cause a diminution in volume 
are strengthened by compression ; and those which cause an increase in 
volume are weakened by compression. 

The. iiilluouce of pressure on eqiiililnium in dilute solution is obtained 
as follows. If dr mols of a reaction mixture are converted, the work 
dv IIT In K is spent (p. 092) ; if the mixture is at pressure ]), and suffers a 
change in volume dv, the work jkIv is performed. Hence 

dA-RT InK.dv + pdv; 
but this equation is of the form 

dA ~ ^^diUj -f* ^i. 2 dlU .2 [T const.], 
so that, according to p. 26, 

sip.2 sbi’ 


' F. Bmuii, IFm/. 30. 250 (1887) ; Zeituchr. phya, Cliem. 1, 259 (1887). 
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or ill the special case considered, 


oHTlii 

?v 

or ^ 


RT 


dhiK 




whence is the change in voluiue due to convei-sion of one mol. 

This equation, in a slightly ditiei*eut form, wtis first obtained by Planck 
{JVied. Ann. 32. 491, 1887). 

Fanjiing^ applied this equation to the influence of pressure on the 
dissociation of weak acids. lie, found the dissociation constant under 
different pressures by means of the conductivity, and found, e.(/., for acetic 
acid, 

Pi = 1 atm. log Kj ~ ()-2r)4 - 5, 


= 260 atm. log 0-30r> - .5. 

Since K and p vary proportionally within wide limits we have 


and 


d liUC 
dp 


=r 2*302 


log Kq- log 

P-i - Pi 


- 0*0821 (273+18) 2*302 


0*305 - 0*254 
259 


--*0*0108. 


Since p is expressed in atmos. and 11 ( = 0*0821) in litre-atmospheres, 
we get in litres ; i.e. when the ions of acetic acid combine to form 
undissociaied molecules there Is a decrease in volume of 10*8 c.c. per mol; 
according to p. 419, the molecular volume of acetic acid when ionised is 40*5, 
and when undissociaied 51*1, an increase of 10*6 c.c. This is as good an 
agreement as could jiossibly be ex])ected ; Fanjung found eipially gootl results 
for the otlier acids studied. 

As electrolytic dissociation always, so far as known, involves contraction, 
the dissociation must, ?is with acetic acid, always be favoured by increast; of 
j)ressure. 

The formula 


RT 


d In K 

“l)p“ 


_V 


can be more simply derived by first investigating the influence of pressure 
on the partition coefficient between compressed and uncompressed solvents, 
and then arriving at the influence of pressure on the chemical ecpiilibrium 
by means of the theorem developed on p. 542. 

If the solution of the sul3stance in question is unaccompanied by any 
alteration in volume, the above considerations show that the partition 
between comprcjssed and uncompressed solvents would not alttjr. 


3. It is possible, following Le Chatelier,^ to unite the two preceding 
laws in the following principle : — 

Every change of one of the factors of an equilibrium occasions a rearrange- 
^ Zeitschr. phys. Chem, 14, 673 (1894). ^ j6yuilU>'res^ p. 210. 
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ment of the system in such a direction that the factor' in question experiences 
a change in a sense opposite to the original change. 

This reminds us of the mechanical principle of action and 
REACTION. 


Effect of non-uniform Pressure. — So far we have always assumed 
that the external pressure (as measured by a manometer) is the same 
in all parts of the chemical system. Le Chatelier ^ has considered the 
interesting case of a fluid or a solid compressed by a piston that is not 
gas tight, so that one phase of the system may have quite a different 
pressure to a second phase in contact and equilibrium with it. The 
thermodynamic treatment of this case also can be carried out exactly. 


If dv mols of a solid or liquid of vapour pressure tt are distilled 
isotliernially into a phase of pressure tt^, the work 

RT In — . dv 
”•0 

is gained ; if at the same time the system which is under pressure p contracts 
by dv, the external work ])dv is done ; so that 


and as on p. 711 we find 


dA = RTln dv-pdv; 

0RT In TT 0p 
0v " 


or 

RT dir^ 

TT 0p dv' 


the percentage change which the vapour pressure suffers as a consequence of 
the external pressure is therefore 


10% 

RT «’ 


where by is meiint the increase in volume of the solid or liquid on 

evaporation of one mol, and is naturally always negative. Thus for ice 
19*66 c.c. ; RT — 22,420 c.c. if p is reckoned in atmospheres, 
drr 

Hence — for an increase of pressure of one atinosjjhere is 0*00088, i.e. the 

vapour pressure of ice is increased by pressure to the extent of 0*088 % per 
atm. This is, moreover, equal to the fall in vapour pressure produced by 
an equal osmotic pressure in the interior of a liquid. Similar considerations 
show that the solubility of solid is increased if whilst it is in contact with 
the solvent it is compressed by a sieve-like arrangement. Also a consideration 
of the diagram Fig. 16 (p. 139) shows at once that compression of ice (or 


1 ZtUm'hv, phys, Chem, 9. 335 (1892). See also the more complete treatment by 
E. Riecke, GtitL Nachr. (1894), No. 4. 
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other solid) must lower its melting-point by an easily calculable amount if 
it is ill contact with the uncompressed liquid ; for the melting-point under 
these conditions is obviously the point at which solid and liquid have the 
same vapour pressure. 

It is well known that ice can be cut by pressing a wii’e through it. 
The solidilication of moist precipitated powders by pressui'e is another 
phenomenon that falls into this category. 

Thermodynamic Potential. — If we consider two phases in contact, 
work can be performed if one increases at the cost of the other ; if the 
volume increases by dv, work is done to the extent pdv where p is the 
pressure on both phases. On the other hand, components of the one 
phase may pass over into the other, and the transference of dr mols 
of a component of the first phase involves an amount of work (/Xj - /Xg) 
dr, where /x^ and proportional factors peculiar to the phases and 

components in question. We find therefore that 

dA = pdv - ~ M-iVh' (T const.) . . • (1) 

where the sum is to be taken for all the components. The reason for 
the negative sign of dr is that wo understand by r the amount of the 
given component in the first phase, and this, after the reaction, becomes 
r - dr. 

(/Xi - /xg) is called, after Gibbs, the difference in thermodynamic 
potential for the given component ; /x^ and /Xg are therefore the therino- 
dynamic imtentials of the component in the two phases. 

For equilibrium according to p. 28, 

8A = 0 (2) 

for all possible isothermal changes consistent with the conditions of the 
system. If the system is kept at constant volume 

8A = " /x.g)8r, 

and since this relation must hold for all the (infinitesimal) variations 
8r, it follows that 

/X j -* /x.g, /X I - /X .g, etc. .... (3) 

i.e. if two pluises maintained at comtant temperature and volume are to he 
in equilibrium^ the thei'modynamic potential of each component must he 
identical in the two phases. 

Example. — If a molecular species in the gaseous state or in dilute 

c 

solution changes in concentration from c to c^, the work done is RT In- ; 

n 

/xdr-tRTlnc~A)dr, 

A = RT In c^. 


where 



7U 


THEOEETICAL CHEMISTRY 


BK. IV 


Hence the thermodynamic potential of this molecular species is 

/X = RT In c ~ A. 

For two coexistent phases in equilibrium, the equation 

RTlnc -A'-RT In c'-A", 
or 

A' - A" 

, RT 
C 

— ~ e 
c 

must hold good for every molecular species. Since, however, the exiuession 
on the right is constant for any given molecular species, at a given tem- 
perature, it follows that at equilibrium there must be a constant ratio of 
partition l)etween the two phases ; this is the partition law (p. 532). 

In equilibrium the different states of aggregation have, according 
to the above, equal thermodynamic potentials (but not equal free 
energy). For further applications of the thermodynamic potential see 
the references on p. 649 ; it should be remarked, however, that the 
theory of thermodynamic potential is essentially equivalent to the 
thermodynamic treatment adopted in this book. 



CHAPTER IV 
THERMO-CHEMISTRY IV 
TEMPERATURE AND THE REACTION VELOCITY 

The Acceleration of Chemical Reactions by Means of an 
Elevation of the Temperature. — In the last two chapters we have 
sought to formulate the influence of the temperature upon chemical 
equilihriiniiy but in this cha[)ter we return again to chemical kinetics. 

In the last chapter of the preceding book, we became acquainted 
with the equations which enable us to calculate the course of reactions 
which occur at constant temperature, and the influence of temperature 
must therefore be capable of expression in the numerical values of the 
velocity-coefficients. 

The problem we have to solve is the discovery of the nature of these 
temperature functions. 

The following result has been empirically obtained : 

All experimental measurement has shown tJuit the velocity with which 
a chemical system strives to reach its state of equilihnumy increases enormously 
loith the temperature. 

This appears to be a universal phenomena ; its importance for 
the course of chemical change, and its significance for the so-called 
“stormy reactions” (detonations, explosions, etc.) is at once evident. 

As an example of the law we will give the figures obtained for 
the velocities with which cane-sugar is inverted (p. 589) at the temperatures 
t, the other conditions ])eing unchanged ; 


t. 

InvcrHion CoeHlci«*iit. 

25“^ 

. 9 '67 

40 

73*4 

45 

139 

60 

268 

55 

491 


715 
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A rise in temperature of only 30° is sufficient to increase the re- 
action velocity fifty-fold ; and the increase is similarly rapid in many 
other cases which have been investigated.^ 

It is very easy, from the standpoint of the molecular theory, to 
account for the fact that substances react much more quickly in 
homogeneous, gaseous, or liquid systems, the higher the temperature 
rises, because the activity of the heat movement, and therefore also 
the relative number of the collisions of the reacting substances, 
increases with the temperature. But when we consider that the 
velocity of the molecular movement .in gases — and in all probability 
in liquids also — is proportional to the square root of the absolute 
temperature, and also that at room temperature it increases by only 
about J of one per cent degree, a difficulty at once arises. But if 
it is assumed, as H. Goldschmidt ^ has shown, that only those mole- 
cules react whose velocity exceeds a certain high value, then the very 
great influence of temperature can be explained kinetically. 

When we consider various systems at the same temperature we 
find the greatest conceivable divergences of reaction velocity. 

Thus, e.g.^ while on the neutralisation of a base by an acid the 
reacting ingredients unite so quickly that we have not yet been able 
to estimate the reaction velocity, yet, on the other hand, hydrogen 
and oxygen react so extraordinarily slowly at ordinary temperatures, 
that for this reason it has thus far been impossible to measure the 
velocity. It is only by a depression of the temperature in the former 
case, and an elevation of temperature in the latter case, that it 
is sometimes possible to change the experimental conditions in a way 
favourable for observation, 

Non-reversible Decomposition. — The relations prevailing here 
are of the greatest importance for the problem of the determination of 
chemical equilibrium. Such a problem can of course be studied only 
when the progress of the reaction in question is sufficiently rapid to 
allow the equilibrium to be established in observable time. When 
this is not the case, then we must work at higher temperatures ; and 
when we have carried out the measurement at two difleront tempera- 
tures, we can calculate the equilibrium for those lower temperatures 
for which a direct observation is impossible by means of the thermo- 
dynamic principles given in the two preceding chapters. 

Sometimes even this method is debarred ; as, e.g.y when the reaction 
velocity does not become sufficiently great until such temperatures are 
reached that the equilibrium has already been displaced so very much 
towards one side or the other as to make measurement impossible. 

An example of this is the direct formatim of ammonia from nitrogen 

' A rise of 10* usually doubles or trebles the velocity of reaction ; see the collection 
of data in van 't Hoff, Gliem, Dynamik^ p. 226. 

2 Physik, Zeitschr, 10. 206 (1909). 
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and hydrogen. At lower temperatures neither do hydi*ogen and 
nitrogen react upon each other, nor does ammonia decompose into 
nitrogen and hydrogen, at least in observable intervals of time. At 
high temperatures, such as those produced by the electric spark, 
ammonia decomposes practically completely ; and a determination of 
the real equilibrium between ammonia and its decomposition products 
has only been possible in recent times, at a mean temperature of al)out 
1000 °. 

The fact that the reaction velocity in chemical systems is usually 
extraordinarily small, no matter how far removed the system is from 
equilibrium, is of the very greatest importance for our knowledge of 
chemical compounds. The greater part of all organic compounds would 
never have seen the light of day if they had changed over to their 
stable conditions with great velocity. The many polymeric hydro- 
carbons of the formula C,,!!,, could not all exist at the same time if 
they all tended to go at once to the system of greatest stability 
corresponding to the formula C„H„. The fact that, in the sense of 
the preceding, organic chemistry is pecnliarly the region of unstable corn^ 
pounds^ which change over into more stfible forms either extra- 
ordinarily slowly or not at all in measurable time, finds its exjdanation 
in the inertia of the carbon union (p. 312). 

Those chemical systems which are far removed from the stable 
form usually change with an increase of temperature, when this 
sufficiently increases the velocity with which they tend to- reach 
equilibrium. Thus consider the innumerable decompositions, char- 
rings, detonations, etc., of organic compounds on heating, or consider 
the combustibility of many compounds in oxygen, etc. In most of 
these cases heat only accelerates a reaction — whether a decomposition 
or a union — which would really take place spontaneously, though 
perhaps only after thousands of years. 

When the change is once completed by heating, then, of course, 
it cannot be made reversible by cooling, because the system is in a 
more stable condition after cooling than before. 

In this way we can explain the existence of the many rwn-reversible 
reactions : tliese^ and also many of the reactions which take place in only one 
direction^ are essentially dijferent from the real dissociation phenomena. 

This accounts for the fact that until very recently the real nature 
of chemical equilibria escaped the attention of the chemist, and that in 
his estimation of the nature of chemical processes he was too largely 
guided by the phenomena of non-reversible processes. Just as the 
physicist could not have studied successfully the laws of the so-called 
“physical reactions’" of changes of state by means of under-cooled 
vapours or liquids, so it is impossible to study the laws of chemical 
processes by starting out with the investigation of non-reversible 
decompositions, and e.g, to obtain an insight into dissociation pheno- 
mena by the investigation of explosives. 
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The Application of Thermodynamics. — Strictly speaking, the 
doctrines of thermodynamics have nothing to teach regarding the 
velocity of a process ; because the velocity always depends, not only 
upon the driving force, but also upon the magnitude and the nature of 
the friction^ which lie wholly beyond the domain of thermodynamics. 
Nevertheless, a few theoretical conclusions on the dependence of 
reaction velocity on temperature may be drawn from the much- 
discussed formula which has already done such good service : 

dlnK^ U 
df ~KT2‘ 

When we recall the meaning of K in the sense of the theory of 
Guldberg and Waage (p. 481), namely, that it is the ratio of the 
velocity coefficients of the mutually opposed reactions, the difference 
between which conditions the total reaction velocity, 



we arrive, in the first place, at the result that when U = 0, then K is 
independent of the temperature, and h and k' reirresent the same tempera- 
ture function. Thus, e.g,^ the velocity with which alcohol and acetic 
acid unite to form water and an ester increases in exactly the same 
way as the velocity with which the ester and water unite to forih 
acetic acid and an alcohol. 

The equation 

dln^, U 
dT RT^' 



and B may be an arbitrary temperature function. But van’t Hoff^ 
finds that in many cases 

B-0, 


because usually the coefficient k of the reaction velocity can be 
expressed by the equation 

d In k _ A 
”df”"’T2’ 

^ iitudeSy p. 114. 
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which, on integration becomes 

lnk= -^ + C, 

where C is a constant (not a temperature function). From this equa- 
tion k can be calculated with excellcTit results, by a suitoble choice 
of the values for A and C. The expression resembles the interpolation 
formula, which was used to represent the vapour-pressure curve, and 
altogether the enormous increase of reaction velocity reminds us of 
the increase of vapour pressure with the temperature. 

If U is not assumed constant, but changes with the temperature, 
the above expression can be extended to 

In k = - ;^ + C + 1)T. 

At high temperatures the influence of the lirst member on the right- 
hand side gradually vanishes, while that of the last })ecomos greater 
and greater. 

Since chemical equilibrium is established aperiodically, we are concerned 
with a process of the sauu*. kind as the movement of a particle under great 
friction (p. 14), the displacement of ions in a solvent (p. 393), or the. ditfusion 
of dissolved substances (p. 398). In all these cases the velocity of the process 
is at each instant directly proportional to the driving forces, and inversely 
to the frictional resistance ; so that we conclude that an equation of the form 

chemical force 

velocity of reaction = - - — --- — — 

chemical resistance 

similar to Ohm’s law must hold. The “chemical force” at any moment 
may be derived from the change in free energy ; of the chemiail resistaiujc 
we know little, but it is not impossible that it may be measured directly. In 
that case the problem of calculating absolute chemical velocities of reaction 
would be solved in a similar way to that of calculating the rate of diffusion 
of electrolytes in absolute measure (p. 398). One, possibly significant, rule 
given by Jul. Thomsen as early as 1861 (see Bjerrum, Ikr. Deutsch. Chem. 
Ges. 42. 4975 (1909)) may be mentioned ; reactions which take place with 
small development of heat often have a high velocity of reaction, so that the 
heat evolved tends to be a minimum. This explains why it is usually (but 
not always) easier for compounds to be formed, the more unstahle they are. 
These relations are, however, very obscure at present, and it is not legitimate 
to speak of a “ law of steps,” as has been recently done. 

According to all experience the chemical resistance increases rapidly with 
fall of temperature, and becomes infinitely great at the absolute zero (in 
accordance with kinetic views). At the absolute zero, therefore, all chemical 
reaction would cease, since the denominator of the above fraction is infinite. 

The velocity of reaction in heterogeneous systems is zero at the transition 
point, because then the chemical force is nil. With fall of temperature it 
must fii-st increase because the numerator of the above fraction (chemical 
force) increases with the distance from the temperature of equilibrium. 
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When the temperature is sufficiently lowered, however, it decreases on 
account of the enormous increase in the denominator of ^the above fraction. 
Examples of such behaviour are to be found in the researches on velocity of 
crystallisation (p. 623) and those of E. Cohen on velocity of tmnsition.^ 

Explosions and Combustions. — The great influence of tempera- 
ture upon the velocity of a chemical change, teaches us, in the first 
place, that care must be taken in measuring the course of a reaction 
to maintain the system at a constant temperature, which can be 
accurately measured. This can be most easily accomplished by 
putting the system in a thermostat. 

But it is not usually possible to avoid heating or cooling taking 
place, on account of the heat of reaction associated with the chemical 
change ; as when the change takes place with a velocity too great for 
an equalisation of the temperature of its surroundings to follow. The 
quantitative investigation of such a process offers very considei-able 
difficulties. 

Reactions with Development of Heat. — Let us first consider the 
case where the reaction progresses in the sense which is associated 
with the development of heat. The progress of the reaction causes an 
elevation of temperature, which accelerates the velocity. But this 
accelerated velocity means a quicker decomposition, and therefore in 
turn causes an increased development of heat, which again reacts to 
hasten the decomposition. Thus it is evident how a very extraordinary 
acceleration of the reaction velocity may take place under favourable 
circumstances. In this way we can explain the “stormy reactions.” 
It will be found that these are invariably associated with a development 
of heat. 

The reaction velocity in many systems at the ordinary temperature 
is very slight, and perhaps may have no appreciable value. In such 
cases the mutual acceleration of the reaction velocity and the develop- 
ment of heat does not come into play, because the slight amount of 
heat developed is conducted away to the environment before any 
perceptible rise in temperature occurs. 

Thus, e.g.y this is the case with electrolytic gas ; doubtless a mutual 
reaction and a corresponding development of heat take place between 
oxygen and hydrogen at all times, but as this occurs extraordinarily 
slowly at ordinary temperatures, it reaches no appreciable amount, 
and in consequence the temperature of the electrolytic gas mixture 
does ' not rise perceptibly above its surroundings. But it is quite 
otherwise at 530° to 600° ; here the reaction velocity reaches a 
magnitude sufficient to cause such a lively development of heat that 
the union of the two gases is enormously accelerated, and this results 
in a combustion or explosion of the system. 

^ Zeitachr.f, Elektrocheniie. 6, 85 (1899). 
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Now, it is by no means necessary to bring the tolwh system to a 
temperature at which the reaction velocity is sufficiently great; to 
ignite the gases it is only necessary to heat them locally to a certain 
extent, as can be done by means of the electric spark. 

Let us consider again for the sake of simplicity a homogeneous 
system, such as an electrolytic gas mixture ; then in every case, at 
that point where the temperature reaches a sufficient limit, the reaction 
between the two gases will progress more quickly, and therefore the 
temperature of the point will rise. One of two events will then 
happen : 

Either, the heat developed will be taken away from the environ^ 
raent of the point by radiation and conduction more quickly than it 
can be generated anew, and therefore after a short time the tempera- 
ture will sink, and the reaction velocity will again return to a minimal 
value ; 

Or, the heat developed at the point considered will be sufficiently 
great to heat the surroundings to a temperature of lively activity ; in 
this case the high temperature causes the rapid reaction between the 
gases to spread over the whole system, and a combustion takes place, 
resulting in the almost complete union of all the gases in the system 
which are capable of reaction. 

That temperature, to which a point of the system must be heated 
in order to cause combustion, is called the “ignition temperature.*^ 
It is obvious from the preceding considerations that its value depends 
on a large number of factors, such as the heat of the reaction, the 
thermal conductivity, the capacity for diffusion possessed by the gas, 
and the dependence of the reaction velocity upon the temperature ; 
it will also vary, especially with the temperature of the surroundings, 
and with the pressure of the system.^ 

Thus, the ignition temperature has quite a secondary nature ; it 
is clear that it cannot be described as the point where the mutual 
action of the gases begins. This would be as absurd as to say that 
the boiling-point of a liquid was the point where vaporisation begins. 

All of these considerations may be applied to explosions in hetero- 
geneous systems, as the ignition of gunpowder and the like. 

Reactions with Absorption of Heat. — But the relations are 
entirely different in those cases where the progress of the reaction is 
associated with an absorption of heat^ i.e, with a cooling down. Here 
the temperature sinks during the course of the reaction, and the 
chemical change is the more retarded the quicker it takes place. 

The phenomenon of a retardation occasioned by the chemical 
change itself may be observed in the process of evaporation^ which 

^ Actually v. Meyer and Freyer found that an exact determination of the tempera- 
ture of ignition Ls not possible (Aer. DevAsch, Ch&n, Ges. 26 . 622, 1892). Another way, 
which is free from these sources of error, will be described below. 

3 A 
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process is associated with a strong absorption of heat; the cooling 
thus brought about causes the vapour pressure to fall very rapidly. 

The reason why gunpowder is an explosive substance, while solid 
carbon dioxide is not, in spite of the fact that both are capable of the 
same reaction, viz. conversion into gaseous products, is that in the first 
casSf when the reaction has once been started, it spreads and accelerates 
itself on account of the lively development of heat ; but in the second 
case, on the other hand, the cooling which takes place brings the 
action to a standstill almost immediately. 

The Reaction Capacity of Oases. — The considerations advanced 
in the preceding section will be applied to gaseous systems in some 
further respects. It is a striking fact that many gases which are able 
to combine with each other with a lively development of heat — as 
oxygen and hydrogen, carbon monoxide and chlorine — do neverthe- 
less approach so slowly to the state of equilibrium (which involves 
almost complete combination), that they may be regarded as chemically 
indifferent towards each other at ordinary temperatures. Yet, as has 
been repeatedly emphasised, there can be no doubt that a reaction 
does take place at ordinary temperatures, but the reaction velocity is 
so extremely slow that the amount changed in the lapse of years 
would be smaller than that produced in a fraction of a second by an 
elevation of a few hundred degrees. We can regard this as only 
another example of the enormous influence of temperature upon the 
reaction velocity. 

Now the phenomenon that the mutual action of gases can be 
brought to an almost complete standstill by cooling can be made use 
of to obtain an insight into the condition of equilibrium at higher 
temperatures. 

This fact was first applied by Deville (1863) in the construction 
of his “ cold-hot tubes ” (Jcalt-warmen Rohre) ; by means of this apparatus 
ho succeeded in showing the decomposition of COg, of SOg, and of 
HCl. The gases were conducted through an incandescent porcelain 
tube, through the axis of which passed a silver tube conducting a 
stream of cold water. As soon as the decomposition products pro- 
duced at the high temperatures diffused from the hot wall towards 
the middle of the porcelain tube, they were suddenly cooled by the 
silver tube, and thus a reunion to form the original compound was at 
any rate partially hindered. 

• We can consider the dissociating action of strong electric sparks 
in a similar way. A part of the gas is raised to a very high temperature, 
and thus is decomposed to a greater or less extent ; then the decom^ 
posed products are partially separated from each other by diffusion, 
and are cooled before they can reunite with each other completely. 

In this way it is possible, as A. W. Hofmann ^ found, to demon- 
^ Sitzungaber. der Berl. Akad., 1889, p. 183 ; Ber. Deutsch, Chem. Oes. 23. 3303 (1890). 
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strate easily the dissociation of CO^, or of water vapour, by passing 
the gases through a glass-tube in which sparks are produced from a 
strong induction apparatus, strengthened by connection with the 
poles of a Leyden jar. Of course the decomposition cannot pass 
beyond a certain limit, for there would then occur the explosive 
reunion of the gaseous products of decomposition. Thus Hofmann 
and BulF (1860) observed that under suitjibly chosen conditions 
carbon dioxide, enclosed in a eudiometer, could be alternately decom- 
posed partially into carbon monoxide and oxygen, and again united 
with a weak explosion by means of a constant stream of sparks. 
Here the decomposition only goes on till the mixture becomes 
explosive, and then the decomposition products again unite by 
ignition, and the cycle begins afresh. 

Determination of Ghemical Equilibrium in Gaseous Systems 
at Hi^^h Temperatures. — The fact that in gaseous systems equili- 
brium is generally attained very slowly at low temperatures, and also 
usually lies so very much to one side (as in the case of the dissocia- 
tion of water vapour) that even when it is reached its determination 
is impracticable, forces the experimenter to carry out his investigations 
at high temperatures. The method described on p. 273 for the 
determination of molecular weight at high temperatures is often 
sufficient for a rough estimation of equilibrium. Reactions which are 
accompanied by a change of volume can be followed manometrically, 
a method which, as Bodenstein^ amongst others has shown, can be 
used with great accuracy at fairly high temperatures. The author 
has worked out in the last few years in conjunction with his pupils 
a number of methods which will now be described : — 


1. The Streaming Method. — Deville’s method, mentioned above, 


can be easily brought into a form suitable for quantitative investiga- 
tions by passing the gaseous mixture to be studied through a space 
kept at a constant high temperature and then analysing it. Certain 
precautions, however, must be taken. It will be most simple to 
consider the scheme shown in Fig. 52. The gas mixture is allowed 
to flow through a long tube. Between the points a and b the tube is 
kept at the temperature t, 

at which equilibrium is to <7 b C 


be studied ; from b to c 
the temperature is made to 
fall as quickly as possible, 
so that at the point c the 



temperature t is so low that pig, 52 . 

the velocity 6 f reaction 

has practically vanished. Now, in order that the gas leaving the tube 
shall have a composition corresponding to the equilibrium tempera- 


* Zeitschr, f, Elektroehem, (1910), p. 96). 
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tiire, the two following conditions must obviously be fulfilled : firstly, 
the distance ab must be long enough to give the gas time to reach 
equilibrium ; and secondly, the time cooling from b to c must be short 
enough to prevent any disturbance of this equilibrium. The first 
condition may be always theoretically fulfilled by making the length 
ab sufficiently great ; practically it is realised best by widening the 
tube between a and b. Another plan is to fill the space between a 
and b with a catalysing agent, as Kinetsch^ did in his investigation on 
the formation of sulphur trioxide. The question whether the velocity 
of reaction is really high enough at the temperature t can always be 
solved by passing through the tube mixtures of compositions which 
first lie on one side and then on the other of the composition of the 
equilibrium mixture. The second condition can be best fulfilled by 
making be a narrow capillary in order to give the gas as high a 
velocity as possible, and to make the drop in temperature as sudden as 
possible. Of course the conductivity for heat of the material of the 
tube interferes with this, and it can be by no means concluded that 
this source of error is eliminated when the composition of the mixture 
leaving the apparatus is independent of the velocity of streaming. 

This follows from the fact 
that an infinitely high 
velocity of streaming by 
no means necessitates an 
infinitely rapid fall in tem- 
perature. Of course, cata- 
lysing agents must be 
excluded as far as possible 
from be. 

It is especially import- 
ant to notice that at high 
temperatures, and correspondingly great reaction velocities, equilibrium 
is certainly reached in ab, and no less certainly disturbed in be. The 
gases leaving the tube have then the same composition whether the 
original mixture diftcred in one direction or the other from the equili- 
brium mixture, but at the same time the composition may be far from 
that at equilibrium. The above curve (Fig. 53) will illustrate this 
clearly ; the unbroken curve is the curve of equilibrium (for instance, the 
amount of knall gas formed by dissociation of water vapour), while the 
dotted curve represents experimental values. In general the effect of 
the above sources of error is to make the yield too small. If, however, 
ab is large compared to be, there will always be a region where 
correct values can be obtained. To the experimenter falls the task of 
finding this temperature interval Tg to Tg, which will evidently extend 
more to the left the greater ab is, and more to the right the quicker 
the cooling takes place. An extremely important indication that the 
1 Her. Deutsch. Chan, Qes, 84. 4069 (1901). 



Fig. 63. 
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right temperature interval has been found lies in the fact that in this 
region the tangents of the obsei ved cune must coincide with those of the 
equUibnum curve^ and, as the latter can be nearly always theoretically 
calculated from the heat of reaction of the process, we have a safe 
criterion for jud^ng whether the observed values within a certain 
interval agree with the true values for the equilibrium. At lower 
temperatures, where the velocity of reaction is measurable, but too 
small for equilibrium to be atUuned (i.e, somewhere in the region of 
Tj), we can calculate the equilibrium by measuring the velocities of 
the two opposing reactions, and then interjx)lating, graphically or 
otherwise, the concentrations at which the total velocity would be 
zero. (J. Sand.^) 

2. Explosion Method. — Exactly the same considerations apply 
to an apparently quite different kind of experiment. In an explosion, 
a gaseous mixture is really under the same conditions ixa in the 
streaming method ; it is brought to a high tem})eraturo and then 
quickly cooled. But it is only at the high temperature for a very 
short time, so the method is only .applicable when the velocity of 
reaction is very high — that is, at such high temperatures that the 
preceding method fails. As a matter of fact, equilibrium is usually 
disturbed dunng the cooling ; for instance, water is foimed (piantibi- 
tively when knall gas is exploded in a eudiometer, although at the 
maximal temperature of the explosion water vaix>ur is fairly strongly 
dissociated ; for the same reasons the experiments of different authors 
on the distribution of oxygen between hydrogen and carbon monoxide, 
or of hydrogen between oxygen and chlorine, are useless for the 
calculation of equilibria, because we do not know to what temperature 
correspond the concentration ratios which are found in the eudiometer 
after combustion. From the amount of nitric oxide formed by 
explosion of hydrogen and oxygen in the presence of air at the absolute 
temperatures 2600 to 2700° the equilibrium of the reaction (cf. p. 705) 

N^ + 02=2N0 

can be calculated with apparent accur.acy by application of the above 
principles. 

3. Calculation of Chemical ^ Equilibria from the Maximal 
Pressure of Explosions, — ^The maximal pressure of an explosion can 
be very accurately determined (p. 43), and as the attainment of 
equilibrium alters the evolution of heat and therefore indirectly the 

1 ZeiUchr. phys. Chein. 60. 465 (1904). For applications of these principles see 

Nerust, “ Bilduiis von Stickoxyd ” {Zeitschr, anorg. C/iem. 49. 2153. 1906) ; Nernst and v. 
Wartenberg, “ Dissoziation von Wasserdampf uiid Kohleusaure ** [Zcilsrhr. owtrg. Chm. 
60 . 513,1906). ^ 

2 See for example Bunsen, Lieb. A7ui. 86. 137 (1853) ; Horstmann, ibul. 190. 228 
(1878) ; Biitsch, ibid. 210. 207 (1881) ; Schlegel, ibid. 220. 133 (1884) ; Hautefeuille 
and Margottet, Ann. chim. phys. [6J 20. 416 (1890). 
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maximal pressure, observation of the latter allows the calculation of 
equilibrium. The maximal pressure is also directly influenced by an 
alteration of equilibrium when this causes a change in the number of 
molecules. This very important method, first used by the author,^ 
has been recently completely worked out by his collaborators, Pier 
and Bjerrum (p. 43). 

4. Method of the heated Catalyst. — At temperatures at which 
the velocity of reaction is still small in the space occupied by the gas, 
but large on the surface of a catalysing agent, it is obviously sufficient 
simply to heat the catalyst to a high temperature. This method, 
which was proposed by the author and worked out by Langmuir is 
very simple when the catalyst, e,g, a platinum wire, is electrically 
heated. In an atmosphere of water vapour a short time suffices to 
establish the concentration of knall gas, which corresponds to the 
temperature of the glowing platinum wire. The temperature is most 
simply calculated from the electrical resistance of the wire. . 


6. Method of the Semipermeable Membrane. — A very exact 
method, first described by Lowenstein,^ consists in using a membrane 
which is permeable only to one component of the equilibrium mixture. 
At present we only possess such membranes for hydrogen, which 
diffuses through palladium, platinum, and iridium. The kind of 
apparatus used for determining the dissociation of water vapour will 


> c~T~y— 

Fig. 54. 


To pump 



be made clear by the sketch. Fig. 54 : A is a vessel made of palladium, 
platinum, or iridium — according to the temperature of the experiment, 
and is placed inside an electric furnace. A capillary tube connects 
the vessel with a mercury pump, and a manometer. After it is 
evacuated and closed by a stopcock, water vapour is passed over it, 
and after a short time the pressure of hydrogen within the vessel 
corresponds to the dissociation of the water vapour at the temperature 
of the furnace. 

Dissociation of Water Vapour and Carbon Dioxide.— The 

methods which have just been described have been used among others 

^ Nerust, Zeitschr, anorg, Chetn. 46. 130 (1905). 

^ Journ. Amer. Cfiem, Soc. 28. 1367 (1906). 

* SSdtschr. phys, Givan, 64. 707 (1906). 
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for determining the dissociations of water vapour and carbon dioxide, 
which are of great importance from many points of view. 

The following table contains the results obtained : x is the degree 
of dissociation of water vapour at atmospheric pressure; the fourth 
column shows which method was used. The last column contains the 
name of the author and the place where the reference can be found. 


Dissociation of Water Vai*ouk. 


T 

lOOx obs. 

lOOx calc, j 

Methc 

700 

7'6xl0~» 

6*0x10-“ 


1300 

0*0027 

0*0028 1 

4 

1397 

0*0078 

0*0082 

1 

1480 

0*0189 

0*0171 ' 

1 

1500 

0*0197 

0*0202 

4 

1561 1 

0*034 

0*0344 1 

1 1 

1705 

0*102 

0*102 . 

' 5 

2156 

1*18 

1*20 

5 

2257 

1*77 

1*82 

5 

2300 

2*6 

2*1 

3 

2642 

4*3 

6*8 1 

1 3 

2698 

7*5 

7*4 1 

i 3 

2761 

6*6 ! 

8*6 1 

: 3 

2834 

9*8 

10*4 

1 3 

2929 

11*1 

12*6 ! 

1 ^ 


Observer. 


(p. 730) 

Lanj;muir (p. 726) 

Nernst and v. Wartenberg (p. 726) 
Nernst and v. Wartonbcrg (p. 725) 
I Langmuir 

I Nernst and v. Wartenberg 
I Ldwenstein (p. 726) 

1 V. Wartenberg (p. 725) 

Nernst (p. 726) 

Bjernim (p. 726) 

>» >> 

>» > > 

>» >> 


The application of the law of mass-action to the equation 

2H20 = 0,+ 2H2 

gives the relation 

where c^, c^, c^, are the concentrations of H./), O^, Hg, respectively. 
If there is no excess of any of the products of dissociation, and P is 
the total pressure, then 

V .. ..X p X p 

2+x 2+x 2+x 

C, = r»m > ^2 ~ * 


liT 


KT 


KT 


where x is the degree of dissociation corresponding to the pressure 
P and the temperature T. 

Hence 

P 

^ RT ■ (2 + x)(l - xf 

For the calculation interpolation formulae ^ for the specific heats 
will not be used, but we will make use of the theoretical formulae 
derived from the quantum theory (p. 259) ; following Bjerrum, who 

1 An interpolation formula was used in the last edition of this book, since there was 
no other method then available. 
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carried out these calculations, we shall assume the mean molecular 
heats to be for 

Hydrogen : Cv (0,T) = R [2*5 + </> (2*0)] 

Oxygen: Cy (0,T) = K [2*5 + (2*4)] 

Water vapour : Cj(0,T) = R^3 + </>(3*6) + 2</)(l*3) + J 

/^c ftc 

where -A (A) = + I = 1 4580. 

- 1 e**^^*^ - 1 


c is the velocity of light, and k the wave-length expressed in terms 
of 11 ^' 0*001 mm. 

The heat of formation of one molecule of water at 180 ^ and 
constant volume may be taken as 57290. Hence the heat of the 
i-caction at constant volume and at the absolute temperature T is : 

.U . - 1 137 13 + IIT 1^1-5 + 2</.(2 0) + ./>(2-4) - 2</> (3-6) - 4</) (1-3) - 

Substituting in tho e(iuation 

(1 In K _ U 
dT “liT* 

and integrating, we obtain : 

24880 

log K = I - +1-5 log T + 2x (2-0) ± x (2-4) 

whei*o : 

X(X) = 0 4343 dT ^ 0-4343 x | x 

- log (e^'^' - 1) - I log - 1). 

Tho correctness of the integration is best tested by differentiating 
the expressions. If wo give the value 

1= - 1*54 


to the integration constant, we arrive at figures under “calc. ” in the 
above table, the calculations being much simplified by using the tables 
given by Pollitzer. 

The above table contains results over a very wide range of tempera- 
tures, which can be made still greater by including the indirect 
measurement of the electromotive force at ordinary temperatures of 
the oxy-hydrogen gas cell, K = 1*231 ± 0*003 volts; the value deduced 
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from the dissociation of water vapour at this temperature, calculated 
by means of the above formula, being 1*231 volts. (Further details 
>vill be given in the paragraph on Electromotive Force and Chemical 
Equilibrium in the chapter Electrochemistry 11.) 

We are dealing here with a test of the second law of Thermo- 
dynamics over a range of temi>erature from 290 to 2929 absolute, in 
which the degree of dissociation varies in the enormous ratio of 0*478 
10“^ to 12*6 per cent, The satisfactory agreement between the 
calculated values and those observed by such widely different methods is 
a proof of the utility of the latter. A specially high value must bo 
attiiched to the explosion method, since, by suitable variations of the 
experimental conditions, it enables both the specific heats and the 
equilibrium to be determined. 

In a similar way V. Wartenberg aiul I, and later lljerrum, deter« 
mined the dissociation of carbon dioxide ' ; the following tables contain 
the percentage degree of dissociation of water vapour and carbon dioxide 
at various pressures and temperatures (abs.). 

Pekcentaqe Degree of Dissociation of Water VAronw. 


T &hs. 

1 KMK at 

i 100\ at 

lOOx at 

IOOn at 

! 0 l.atiii. 

J 1 atm. 

^ 10 Him. 

ICO atm. 

1000 

0*0^5r)6 

0 0*258 

0-0*129 

0 0^T).56 

1500 

0*0433 

0-02D2 

0-00935 

0*00433 

2000 

1-25 

0-582 

0-270 

0*125 

2500 

8*84 

- 4*21 

1-98 

0*927 

3000 

28-4 

14-4 

7-04 

3*33 

3500 

53-1 

30-9 

18-1 

7-79 

4000 

. 70-1 

18 -.5 

28-0 

13-2 

4500 

i 78*0 

58-0 

33-2 

i 17-4 

5000 

79*9 

; 58-5 

' 35-4 

; 18-7 


i 


Percentage Deijree of Dissociation of Oardon Dioxide. 


T abs. 

lOOx at 

lOOx at 

lOOxat 

ICOX Ht 

0*1 atm. 

1 atm. 

10 atm. 

_ _ _ 

100 atm. 

1000 

0 0*.531 

0-0*247 

0*-0114 

0*0«.531 

1500 

0-104 

0*0483 

0*0224 

0*0104 

2000 

4-35 

2*05 

0*960 

0*445 

2500 

1 33*5 

1 17*6 ; 

8*63 

4*09 

3000 

i 77*1 

54*8 ! 

! 32*2 

16*9 

3500 : 

; 93*7 

83*2 1 

1 63*4 

39-8 

4000 ] 

1 97*9 

93-9 1 

83*4 

63*8 

4500 

j 99*2 

97*4 1 

92*4 i 

80-3 

6000 

i 99*6 

98*7 

96*1 

89*0 


„ J 

L — — 



' - — ' 


' See Bjerrum, ZeUschr. physik. Chem. 79. 537 (1912), for the literature aii<l 
method of calculation. 
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The following is a further control of these values : 

The equilibrium of the reaction 

C0+H2^-C02 + H2 

has been measured by Boudouard ^ and more exactly by Hahn.^ 
The equilibrium constant^ 

[CO][H20] 

.[C02][H,]’ • • • 


( 1 ) 


was found, e.g.^ to be 1*6 at lOOO'’. 

If the dissociation constants of water vapour and carbon dioxide 
are Kj and Kg respectively at the same temperature, and the degrees 
of dissociation x and y, then 


[H,0]2 2v(l-x)^' • ■ 

where v is the volume containing one mol of IlgO, and accordingly 




= " [H,0] = 


1 -X 


Similarly for carbon dioxide wo have 

[C0P[0.] ' 

fCO,f~ 2v(l-y)^ 


(3) 


In the equilibrium denoted by equation (1), there must always be a 
small amount of free Og present, which must be in equilibrium both 
with water vapour in the sense of equation (2), and with carbon 
dioxide in the sense of equation (3). If we refer equations (2) and 
(3) to the system (1), and divide one into the other, then the oxygen 
concentrations, being equal, cancel out, and we obtain 


Ks = 

ki 

From the value of K at 1000'’, (T = 1273) given above, we may calculate 
that at this temperature the dissociation of water vapour must bo 0*73 
times that of carbon dioxide, which is in agreement with the above 
tables and formula?. 

The dissociation of water vapour can also be deduced indirectly 
from the two equilibria 

n2 + Cl2=:2HCl, 

4HCl + 0.g = 2H20+2Cl.g, 


which have been determined very accurately by different methods. 
The value in the above table corresponding to T = 700, has been 

1 Theses. Paris, 1901. a Zeitschr. phys. Chem. 44. 513 (1903). 

® Here, a.s elsewhere, square brackets denote concentrations. 
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obtained in this way.^ Equilibria can often be fairly easily determined 
by the indirect method shown in these two examples. 

In practice, nearly all combustions result in the formation of water 
vapour and .carbon dioxide as end proilucts ; the knowledge of the 
dissociation of these substances has therefore also great practical 
importance. As Le Chatelier- has already shown, the influence of 
the dissociation of carbon dioxide is vanishingly small in the case of 
explosives and only perceptible in melting furnaces and in ordinary 
flames. Wo may add that the same is true of the explosion chamber 
of petrol engines, and further, that similar considerations apply to the 
dissociation of water vapour. Moreover, at fairly high temperatures 
and not too small pressures, the disturbing influence of the dissocia- 
tion may be entirely eliminated by the presence of a small excess of 
oxygen, according to the law of mass-action. 

Ignition of an Inflammable Mixture of Oases by Adiabatic 
Compression. — If we compress an inflammable mixture of gases, 
its temperature rises, according to the gas laws (p. 4f>) ; the velocity 
of reaction is thereby increased, and ignition ensues at the moment 
when the heat evolved by the reaction exceeds that lost by radiation. 
If the compression takes place very tpiickly, Le. nearly adiabatically, 
the temperature can be calculated from the magnitude of compression, 
and hence we can arrive at the ignition temperature of the mixture 
by measuring the compression necessary for ignition. As catalytic 
action of the walls of the vessel, etc., is prevented by this method, it 
is to be expected that exact value.s of the ignition temperature can be 
thus obtained. An investigation by (r. Falk ^ at the suggestion of 
the author, has confirmed this expectation. The values obtained for 
mixtures of difl'ereiit composition are given in the following table : — 


Mixture. 

T. 

iKnition PreHNure 
in AtinoMphere. 

4 H 2 + O 2 

89;} 

48*2 

211^-1 0.2 

819 

;}6-9 

H 2 + O 2 

796 

.'}! ’8 

Ha + 20.2 

808 

3 : 5 -5 

40.2 

819 

i .‘19 -8 

1 


Propagation of Combustion in an Inflammable Gaseous 
Mixture. — Recent investigations have shown that when the com- 
bustion of a gaseous mixture is started at one point, as by an electric 
spark, it can be continued in two very different ways. 

^ For (letailH see Nernst, Zeitsrhr.f. E/ektrodwmie (1909), p. 687. 

* Zeiinchr. phys, Okem. 2. 782 (1888). 

Journ. A 7 n/>r, C/iem, »%c. 28. 1517 (1906). [T)ie«e experiments have, however, 
been repeated by H. B. Dixon, w)io obtained no imlicatiou of a miniiuum ignition 
temperature for the mi.\tuie 
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Slow combustion consists in the layer of gas first ignited passing 
on its heat by conduction to the next layer, and thus bringing the 
latter to the point of ignition; the rate of propagation depends, 
therefore, firstly on the amount of heat conduct^, and secondly, 
on the velocity with which a moderately heated layer begins to react 
chemically, and so to bring itself to a high temperature, Le. the 
rate depends in general on the change of reaction velocity with 
temperature.^ 

Combustion may also be propagated in a second, entirely different 
way, depending on the phenomenon we have just discussed, that an 
explosive mixture of gases can be ignited by strong compression, or — 
more correctly — by the resulting rise in temperature. The increase 
of pressure causes an increase in concentration, and therefore, 
according to the law of mass action, also an increase in reaction 
velocity. Hence it is extraordinarily favourable to the rate at which 
the heat of combustion is developed. We see, therefore, that a very 
powerful wave of compression produced in a gas can start as well as 
propagate the combustion, and moreover, with extraordinary great 
velocity. 

A compression wave of this kind is produced in a gaseous mixture 
brought to a very high temperature by combustion ; it must travel 
considerably faster than the ordinary compression wave, because in 
the compressed (still unburnt) layer, ignition causes a very strong 
development of pressure, which, according to the theory of waves, 
must increase the rate of propagation. 

On the basis of these considerations can be calculated the absolute 
velocity of the explosion wave, but this will not be entered into more 
closely here. It is clear, however, that it must be considerably 
greater than the velocity of sound in the mass of gas (heated to a 
high temperature by the explosion). The measurements given below 
confirm this ; they show that the velocity of the explosion wave is one 
and a half to two times the velocity of sound at the temperature of 
combustion. The processes taking place after ignition in a combustible 
gas contained in a long tube, can now be presented as follows : the 
first condition is that of slow combustion ; the heat is conducted to 
the next layer of gas, and thus combustion is propagated at the rate of 
but a few metres a second. As, however, a strong increase of pressure 
is produced by the combustion, so at the same time the neighbouring, 
still unburnt, layers are compressed ; this causes an increase in the 
reaction velocity, as has been already shown, and ignition takes place 
more rapidly. But the result of this is to cause the next layers to he 
still more strongly compressed, and in this way we can see that, 
provided we have a mixture which burns sufficiently fast, the rate of 
combustion must constantly be increased. As soon as the compression 

^ A constant slow combustion takes place in the middle of a Bunsen flame ; for the 
theory of the latter see Haber, Techn. Giisreaktionent p. 282 ff. 
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in the unburnt layers becomes so great that self-ignition follows, the 
resulting extraordinarily powerful compression wave is propagated 
with very great velocity and with simultaneous ignition, i,e. we have 
the spontaneous development of the “ explosion mmP 

Berthelot,^ who discovered the formation of an explosion wave, 
showed that its rate of propagation was independent of the pressure, 
of the diameter of the tube which contained the explosive mixture, 
and of the material from which the tube was made, and hence that it 
represented a constant characteristic for each mixture, the determina- 
tion of which was of great interest. 

The following table contains some of the results of Berthelot side 
by side with those of Dixon ^ of later date (1891). The numbers, 
which agi*ee very well, refer to metres per second. 



Berthelot. 

Dlxou. 

H 2 + 02 

2810 

2821 

Hg + N^O 

2284 

2306 

CH 4 + 4 O 

2287 

2322 

02H4-f-60 

2210 

2364 

C 2 H 2 + 5 O 

2482 

2391 

C 2 N 2 + 40 

2196 

2321 

H 2 + CI 2 


1730 

2 H 2 -}- Clj 


1849 


The maximal pressure of the explosion wave is very great; 
according to the experiments described on page 731, mixtures of 
hydrogen and oxygen at the original pressure of one atmosphere must 
be compressed up to 30-40 Atmospheres to produce self - ignition. 
Now, as the heat developed on explosion causes a rise in temperature 
of about 2-3000°, that is to say, an increase in absolute temperature 
to about four times the value it has on compression, we are concerned 
with pressures considerably above 100 atmospheres. Not only the 
magnitude of this pressure, but also the fact that it is produced so 
suddenly, causes the extraordinary destructive force which distinguishes 
the explosion wave from slow combustion. 

The above considerations on the propagation of combustion were brought 
forward by Mallard and Le Chatelier, “Recherches exp4rimen tales et th^oriques 
sur la combustion des m<^langes gazeux explosives,” Annalts des mines, 
September to December 1883 ; (also in a separate pamphlet, Paris, 1883, 
published by Dunod). In this work the experimental methods are 
brilliantly worked out, and at the same time, the theory is developed in the 
clearest manner. It must be considered a classical treatise on this branch of 
chemistry. 

^ Oompt. rend, 93. 18 (1881). 

* For the literature see the comprehensive report by Dixon, Ber, Deutsch, Ghem, Oes, 
38. 2419 {1906). 
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The above considerations show that the theory of the propagation of 
combustion could be completely developed as a pure hydrodynamical 
problem ; the rate of propagation has been discussed in excellent investiga- 
tions by E. Jougnet, Journ, maMmat.^ 1905, p. 347, and 1906, p. 6 ; and 
L. Crussard {Bull. Soci^te de Vindustrie minerale^ 6, 1907); these authors 
calculated the velocity of the explosion wave for a number of cases — the 
results being in close agreement with observed values. 

Molecular theoretical considerations, such as those by which Berthelot 
and Dixon explained the phenomena in question, seem as unnecessary in this 
case as they are for the treatment of acoustics. The author has shown 
in a small pamphlet, Physikalisch - chemische Betrachtungen iiher den 
Verhrennungsprozess (Berlin, 1905, published by Springbr), that the many 
phenomena which Dixon discovered in a very fine experimental research, in 
which he continued the older researches of Mallard and Le Chatelier, and 
succeeded in photographing the combustion processes, may be simply and 
clearly explained by purely hydrodynamical considerations. 

Finally, it may be mentioned that also single gases, such as acetylene, 
and even elements such as oxygen in the form of ozone, are explosive ; the 
decomposition, or transformation into a stable form, is accompanied in 
this case also by a strong development of heat. 

Liquid and Solid Explosives.— It has thus been fairly estab- 
lished by experiment, that the velocity of explosion of gaseous systems 
is a characteristic of the system, in the same way as, and in fact in 
close relation to, the velocity of sound in a gas. In the case of 
explosives in other states of aggregation, however, the question still 
remains open ; in recent times Berthelot ^ endeavoured to determine 
whether liquid and solid explosives show a similar behaviour to ex- 
plosive mixtures of gases. 

Development of heat and change in volume are the chief character- 
istics of an explosion. The following table contains these values for 
various explosives; the volume refers to that of the decomposition 
products of one gramme of explosive at 0° ; the corresponding develop- 
ment of heat is given in the last column. 


Explosive. 

Volume. 

Heat produced. 

Methylnitrate . 

870 cm. 

1431 cal. 

Nitroglycerine . 

713 „ 

'1459 „ 

Nitromannite . 

692 „ 

1427 „ 

Guncotton 

859 „ 

1010 „ 


When these substances explode in their own volume, the pressure 
rises approximately to 10,000 kg. per square centimetre.^ 

1 Compt. rend. 112. 16 ; more fully in Ann. chim. phys. [6] 23. 485 (1891). 

2 For further details see the monograph by H. Brunswig, entitled Bxplosivstofe, 
Leipzig (1909). 
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The rate of explosion of methylnitrate in long tubes of a few 
millimetres inside diameter was measured by Bertbelot^s chrono- 
graphic method, which had already been widely employed. In tubes 
of caoutchouc the rate was 1616 metres per second, in glass tubes 
1890-2482, in Britannia metal 1230, and in steel 2100. 

The tubes were always burst by the explosion, usually being torn 
into long strips ; those of glass were naturally reduced to powder. 
The stronger the tube, the greater on the whole is the rate of 
explosion ; whether constant values could be obtained if the tubes did 
not burst could not be determined, because such tubes were impossible 
to make. Berthelot supposes that in such cases the rate of explosion 
would be approximately equal to the velocity of sound in liquids, 
that is about 6000 metres a second. The rate of explosion of nitro- 
glycerine in lead tubes was 1300 metres, of dynamite 2600 m. ; the 
physical condition of the explosive is thus of the greatest importance. 
The results show that the greatest velocity is attained in solid 
explosives as nitromannito (7700), picric acid (6500), or guncotton 
(6400 when closely packed). (For an account of the determination of 
explosive action, see the lecture by Will,^ which also contains references 
to this literature.) 

The theory of solid and liquid explosives will probably progress 
along the same lines as that of gaseous explosives ; in particular, the 
pressure necessary to produce the explosion will be of fundamental 
importance for the theory of the development of tho explosion wave. 

Reactivity of Oxygen,^ — Oxygen, at high temperatures an 
extremely reactive element, is strikingly inert at ordinary temperature, 
not because its affinity, but because its reactivity, is small. Only a few 
bodies — the spontaneously oxidisable or “ autoxidisable bodies-^are 
capable of combining more or less energetically with oxygen at the 
ordinary temperature. To this class belong the alkaline metals, 
especially those of high atomic weight, as rubidium and caesium ; also 
the compounds of sulphurous acid and sulphuretted hydrogen, finely 
divided metftls, and such metallic oxides as are capable of higher states 
of oxidation ; but, most of all, certain organic bodies, e.g, alkyl 'com- 
pounds of phosphorus, arsenic, antimony, zinc ; the aldehydes ; many 
ethereal oils like turpentine, etc. In the spontaneous oxidation of 
these substances it is observed that they induce oxidation of other 
substances not spontaneously oxidisable. We may therefore attribute 
to them the power of putting oxygen in a more active state. This fact 
has received practical applications, e.^., in the bleaching of textiles and 
paper by turpentine. 

These processes have been specially studied by Schonbein, and 
^ Zeitichr. /. Mekirochem, 12. 668 (1906). 

2 See Bodlander, Leung same VeThrewMiTug^ Stutt(?art, 1899 ; and especially the excellent 
monograph by Engler and Weissberg, Vorgdnge dir Autoxydation^ Brunswick, 1904, 
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later by Engler and Weissberg, Brodie/ Clausius,* Lbw,^ Hoppe-Seyler,* 
Baumann,® M. Traube,® and in more recent times by van’t 
Jorissen,® and especially by Engler and Wild.® Most early writers 
thought the activation was due to conversion of the oxygen molecule 
into ozone and a hypothetical “ antozone,” or decomposition into free 
atoms. M. Traube showed that in such processes of oxidation, especi- 
ally of finely divided metals, in presence of water, hydrogen peroxide 
is formed, and this causes further oxidation. Van ’t Hoff and Jo|issen 
investigated the facts quantitatively, and found, as Schonbein and 
Traube'^ had partly done before, that the autoxidisable substance 
renders as much oxygen active as it requires for its own oxidation ; in 
other words, that the autoxidisable and the other substance take up 
equal amounts of oxygen. They tried to explain this by a decomposi- 
tion of oxygen into opposite electrically charged atoms. According to 
the important investigations of Engler and Wild, the phenomena 
attending autoxidation are to be explained by combination nob with 
single atoms but with half-broken oxygen molecules — 0---0 — , 
forming peroxides of the type of hydrogen peroxide, t.e. of constitution 

R— 0 . vO 

.1 or r/| 

R— O ^0. 

These peroxides, like hydrogen peroxide, can give up an atom of oxygen 
to other oxidisable substances, being converted themselves into the 
simple oxides RjO and RO. The active oxygen is therefore not in the 
form of free atoms, but it is combined oxygen which is easily re- 
movable. The stability of the peroxides varies according to the nature 
of the radicle R Some are easily isolated, such as the peroxides of 
alkali metals (sodium, rubidium, etc.), that of hydrogen (in palladium 
hydride) and further those of aldehydes (acetyl peroxide, propionyl 
peroxide, benzoyl peroxide) ; others are less stable. Probably too the 
autoxidation of phosphorus yields a very easily decomposed peroxide, 
which gives off spontaneously an atom of oxygen, which combines with 
a molecule of oxygen to form ozone. 

The action of light on autoxidation is very important ; it causes an 
extraordinary acceleration, as may be observed especially in the oxida- 

^ Phil. Trans., 1850, p. 769 ; Jahresber. f. Ohem., 1860, p. 248. 

2 Pogg. Ann. 103. 644 (1868) ; 121. 266 (1864). 

2 Zeitsckr, f, Ohem. N.F. 6, 610. 

^ ZeUschs'. physiol. Chem. 2, 24 ; Ber. Deutsch. Okeni. Oes. 12. 1661 (1879). 

® Zeitsohr. physiol. Chem. 6. 244. 

« Ber. Deutsch. Chem. Oes. 15. 2434 (1882). 

ZeUschr. phys. Chem. 10. 411 (1896); Chem. Ztg., 1896, 807. 

® Zeitschr. phys^ Chem. 22. 34-69 (1897). 

Ber. Deutsch. Chem. Oes. SO. 1669 (1897); see also Engler, ibid. 33. 1109 
(1900), also the monograph mentioned on page 736. 

Joum. prcM. Chem. 93. 25 (1864). 

Ber. DetUsch. Chem. Oes, 26. 1471 (1893). 
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tion of organic bodies ■such as aldehyde, turpentine, etc. The bleaching 
of dyes may very probably be due to the formation of oxidising 
peroxides, accelerated by illumination. It may be imagined that light 
dissociates the closed oxygen molecules 0 = 0 into reactive complexes 
— 0 — O — , an hypothesis, however, that has not yet been verified. 

Van ’t Hoff and Jorissen’s rule as to the quantities of oxygen taken 
up by the autoxidisable and other substance holds only when the 
lower oxide formed from the peroxide is stable, and does not oxidise 
further itself. If the lower oxide can give up its oxygen the original 
autoxidis^ible body is reformed, and by a kind of catalytic action 
is capable of oxidising an indefinite quantity of the other substance. 
Oxidation in the animal body very likely takes place in this way. 
Haemoglobin has two stages of oxidation, oxyhaemoglobin and 
metoxyha3moglobin, and the investigations of Schiitzenberger and 
others show that in oxyhaemoglobin half the oxygen is more easily 
split off than the other half. The first is to be regarded as i}eroxide 
oxygen, the second as oxide oxygen. 

According to Haber ^ the best idea of autoxidation occurring in 
aqueous solution can be obtained by comparing it to the process in a 
voltaic cell ; at the anode a mol of oxide of the substance in question 
is formed, and, simultaneously, but at a separate place, a mol of 
hydrogen peroxide is found at the ctithode, which must be charged 
with oxygen. 

The Catalytic Action of Water Vapour. — Another very strik- 
ing phenomenon is that the presence of the very slightest traces of water 
vapour are of the utmost importance for the ignition of certain ex- 
plosive gas mixtures. Thus Dixon ^ discovered that a completely 
dry mixture of carbon monoxide and oxygen cannot be made to explode 
by means of the electric spark, or at most only with the greatest 
difficulty, but that the mixture is made capable of explosion by the 
introduction of the very slightest traces of water vapour. 

When other fm'eign gases were mixed instead of water vapour with 
the carbon monoxide mixture [2C0 + Og], it was found that explosion 
occurred on passing the electric spark in all cases where the foreign 
gas contained hydrogen, e.g. HgS, CjH^ H2CO.2, NH3, CgH^a, or HCl — 
but not when traces of SO2, CSg, COg, NgO, CgNg, or CCl^ (none of 
which contain hydrogen) were introduced. 

It is the view both of Dixon and of L. Meyer ^ that the action of 
the water vapour necessary for the combustion of the carbon monoxide 
mii^(itire [2C0 + Og] consists in the water vapour being reduced by the 
carbon monoxide, and then the mixture of hydrogen and oxygen 
burning with a velocity sufficient for explosion, and at much lower 

^ Zeitschr. phys. CJiem. 35. 81 (1900). 

3 Trans. Roy. Soc. 175 . 617 (1884) ; Joum. Chem, Soc. 49 . 94 and 384 (1886). 

3 Jkr. Deutsch, Chein. Oes. 19 . 1099 (1884). 

3 B 
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temperatures than those at which the combustion of carbon monoxide 
occurs ; according to this, the water vapour acts as a carrier of oxygen, 
according to the two equations : — 

(1) CO + HgO^COg + Hg, 

and 

(2) 2H2 + 02 = 2H20, 
which together lead to the result 

(3) 2C0 + 0, = 2C0,; 

only a much higher temperature is needed for the velocity of reaction 
(3) to be great enough to produce an explosion, than for the velocities 
of reactions (1) and (2). 

It is ])ossible that the action of water vapour may be referred to 
the fact that the equilibrium 

(4) 2H,0 + 02=2H,0, 

is almost simultaneously established at high temperatures, and that 
hydrogen peroxide oxidises carbon monoxide — 

HgO^ + CO^CO^+HgO 

quicker than oxygen itself does at the same temperature (see also 
p, 736V 

In other cases this explanation fails, as has been shown by Baker, ^ 
in numerous examples ; hydrochloric acid and ammonia form no 
ammonium chloride, and vapour of ammonium chloride docs not 
dissociate, when they are made very thoroughly dry. The peculiar 
catalytic action of Avater in these instances is suggestive of the high 
dissociating power of liquid water.^ 

Chemical Equilibrium and Temperature Gradient. — A 

temperature gradient can also alter the chemical equilibrium, i.e, if a 
system is in a stationary condition, but has not the same temperature 
at every point, then equilibrium can bo different at every point to 
that which would correspond to the temperature, pressure, and 
proportions of the reacting substances. For in such a system the 
partial pressures of the separate components is different from point to 
point, and hence diffusion occurs, which causes more or less disturbance 
of equilibrium. The disturbance will be greater the more the rate 
of diffusion exceeds the reaction velocity. An extreme case has 
already been mentioned on p. 726; the equilibrium between water, 

' According to H. Wieland {Ber, Deutsch, Chem, 6es. 46 . 679 (1912)], it is more 
likely that the formation of formic acid, 

H20 + C0=H.C00H, 

first takes place, and afterwards the acid decomposes into COg and Hg. Quantitative 
measurements of the reaction velocities will be necessary to decide the question. 

2 Journ, Ghem. Soc,j 1894, p. 611 ; 0?iem, News^ 60 , 270 (1894). 

® For further literature see the paper by Dixon, mentioned on p. 733. 
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hydrogen and oxygen in the neighbourhood of a glowing platinum 
wire is spread through the whole system by diffusion, for the velocity 
of reaction in the space apart from the wire is extraordinarily small. 
For the general formula? applying to this case see the paper ^ in which 
the theory was first developed. 

^ Nernst, Festschrift Ludwig BoUztimnn^ p. 904 (Leipzig, 1904). It is also possible 
that'tlie equilibrium in an incandescent gas mixture {e.g. in a flame) is disturbed by- 
radiation of heat to the cooler surroundings, which contain the components as a rule in 
different proportions. For this means that the temperature of the separate components 
differs more or less from the mean value. 



CHAPTEE V 
THEKMO-CHEMISTRY V 

HEAT AND CHEMICAL ENERGY 

The “Principle of Maximal Work,” an Erroneous Interpre- 
tation of Heat of Reaction. — In what precedes we have described 
the most important laws which have been developed regarding the 
ajpplication of the doctrine of energy to chemical change. 

In the law of the constancy of the heat summation (the expression 
of the first law of thermodynamics), and in the equation of the reaction 
isochm'e (the simplest expression of the second law of thermodynamics) 
we possess results of investigation which, on the one hand, rest on the 
firmest theoretical foundations, and, on the other, have been completely . 
confirmed by experiment, and thus may be regarded as among the 
safest possessions of natural science. 

The history of theoretical chemistry in the last forty years shows 
how a faulty consideration of these principles has led to persistent 
error. 

This error owes its origin to a mistaken -notion which has in many 
ways invaded the most different regions ; namely, that the heat of 
reaction (i,e, the development of heat plus the external work), associated 
with the completion of a natural pivcess, must he regarded as the measure of 
the force which urges the system in question into its new comlition. 

From this point of view we should have to regard the heat of 
reaction as the measure of the mutual affinity which exists between 
reacting substances; and therefore we should have to conclude that 
“ evei’y chemical change gives rise to the production of those substances which 
occasion the greatest development of heaV^ This theorem was advanced 
in 1867 by that highly gifted experimenter, Berthelot, after Thomsen 
had previously, 1854, expressed a similar opinion. Berthelot later 
claimed that this was not only the guiding principle of thermo- 
chemistry, but even of all chemical mechanics. 

For a long time this theorem found unquestioning recognition, 

1 Esmi de m^caniqw cikimique^ Paris, 1878. 

740 
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although it was shown in the most different ways, by Horstmann, 
Rathke, Helmholtz, Boltzmann, and others, that the theorem was 
untenable, both from a theoretical and an experimental standpoint. 

Measure of Chemical Affinity. — Before we criticise Berthelot^s 
principle, we shall have to consider what we are to regard as the 
measure of affinity. That the velocity of a reaction is not such a 
measure, needs no special proof after what we have already learnt ; it 
depends too much upon the, so to speak, accidental resistance opposing 
the course of the reaction. The assumption that at 400^^ iodine has 
a greater affinity for hydrogen than oxygen has, is as inadmissible as 
if we were to measure the capacity for work of two motors by the 
number of their revolutions. Since every chemical process — in fact, 
every process occurring in nature (p. 15) — can advance without the 
introduction of external energy only in that direction in which it can 
perform work, and since a measure of chemical affinity must satisfy 
the invariable condition that every process completes itself in the sense 
of its affinity, we may without doubt regard the maximal external work 
of a chemical process (i.e. ^^the change in free energy*^), as the measure of 
affinity. 

The object of thermo-chemistry is thus clearly defined ; it is to 
measure with the greatest possible accuracy the changes in free energy 
associated with chemical processes, the extent of the measurement 
being as far as possible equal to that of the measurements of changes 
in total energy, i.e, heats of reaction. When this problem is solved, 
we shall be able to predict whether a reaction can complete itself 
or not under given conditions. All reactions advance only in the 
sense of a diminution of free energy, i.e. only in the sense of affinity, 
as defined above. 

In order to ascertain the change in free energy associated with 
a chemical reaction, the reaction must be conducted isothermally and 
reversibly ; we can then directly ascertain the maximal work which the 
process can yield. If the process can take place in several ways under 
the given conditions, the change in free energy must be the same 
for each way. For if not, we could complete the change in one way 
and reverse it in another, thus establishing a reversible isothermal 
chemical process, by means of which an unlimited amount of work 
could be performed at the expense of the heat of the environment. 
This is contrary to the second law of thermodynamics. Hence we 
arrive at the result that : the change in free energy of a chemical process is 
independent of the way in which the j^rocess is completed, and is determined 
solely by the initial and final states of the system. This is analogous to 
the law of constant heat summation (p. 632). 

It follows directly that changes in free energy may be employed in 
calculations in the same way as changes in total energy. For 
example, the change in free energy of a chemical process is equal to 
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the sum of the free energies of formation of the newly formed 
molecules, minus the sum of the free energies of formation of the 
decomposed molecules. By ^*free enei'gy of formation ” of a compound 
we mean the maximal work which can l^e obtained by the union of 
the elements contained in the compound. In the chemistry of changes 
in free energy, therefore, the “free energy of formation '' corresponds 
to the “ heat of formation ” in thermo-chemistry, and its determination 
is particularly important. 


Comparison of Free and Total Energy. — According to the 
above considerations, Berthelot’s theorem, that the course of chemical 
processes is determined by the heat of reaction, i.e. by the change in 
total energy, requires the relation, that 

A = U . . . . (1) 

It can easily be shown that this relation cannot hold good in general ; 
in chemical processes between gases or in dilute solutions, for example, 
U is independent of the concentration (p. 637), but A is not so by any 
means, as is shown by the equation (p. 692) 

A = RTln g.C^’^„, ^ - --- - -RTlnK . . (2) 

An equality of the two magnitudes is therefore at once excluded. 
Compare further equation (1) with our fundamental equation 

d A 

A-U = T^ .... (3) 


Then if A = U, 


dA 

dT 


= 0, and therefore also 



We thus obtain the necessary (but not sufficient) condition for the 
truth of Berthelot^s theorem, that the heat of reaction U is independent of 
the temperature. 

Now this law is by no means established by experiment ; on the 
contrary, in all those cases where liquids and gases take part in the 
reaction, the heat developed varies with the temperature ; this is 
on account of the considerable difference between the specific heats 
of the reacting substances and of those produced. Thus we con- 
cludo that the heat of reaction which is associated with a chemical 
change does not at all correspond to the maximal external work to be 
obtained by the isothermal progress of a reaction. 

We get a different behaviour when solid substances unite to form 
new complexes which also exist in the solid state ; here the heat of 
reaction is found to be practically independent of the temperature, 
and in such cases it is possible, but by no means necessary, that 
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the energy set free in the form of heat under ordinary eonditions, 
might be entirely converted into mechanical energy by a suitable 
arrangement of the reaction process. 

If A, the maximal work, is independent of the temperature, then 
we must necessarily have 

A = U. 

This latter condition is identical with the principle of the greatest 
work, but is also not fulfilled. When the temperature coefficient of 
dA 

A, namely is not zero, then of course the maximal work A and 

the heat of reaction U become equal when the other factor of the 
member on the right-hand side of the equation, namely T, vanishes. 

At absolute zero,^ Le, at - 273°, the maximal work and the heat 
of reaction are therefore identical. At this temperature the theorem 
of Berthelot holds good absolutely, because here only complete and 
ewthermic reactions are possible ; the farther we are removed from this 
the more probable is the occurrence of endothermic reactions. 

As a matter of fact, the preponderating chemical reactions at lower 
temperatures are, on the whole, the association phenomena taking place with 
a development of heat ; while the reactions preponderating at higher tempera- 
tures are the dissociation phenomena which take place with the absorption of 
Imit? 

The Results of Experiments. — Now, as a matter of fact, a 
critical and careful comparison of the thermo-chemical data with the 
course of the reaction has shown that the direction of the chemioal 
change does not necessarily coincide with the direction in which the 
reaction progresses exothermally.^ 

If we bring equivalent quantities of gaseous HCl and of gaseous 
NH 3 into a given space, a part of the gases will unite to form solid 
NH 4 CI, and the formation of this salt will be carried to the point 
corresponding to the dissociation pressure at the temperature in 
question. On the other hand, if we bring the NH 3 and HCl, united 
in the form of solid NH^Ol, into a sufficiently large space at the same 
temperature, then the same substance which was formed in the first 
case is decomposed into its products of dissociation. In the first case 
the reaction is exothermic, — in the second endothermic. 

In general we may say that every single one of the numerous 
examples of reversible reactions is enough to disprove the universal 
validity of Berthelot's principle. For if a reaction is exothermic in 
one direction, it must be endothermic in the opposite direction ; and 
if only the former were possible, then all reactions would advance 

^ That U should become equal to zero (and A also) at about the same limit is 
usually quite excluded. See van’t Hoff, Mudes, p. 174. 

® See especially Kathke, AhhayidL der natur/orschenden Oesellscliaft zu Halle, 16. 
(1881) ; also Beihl, %, Witd, Ann. 6 . 183. 
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to a completion, and there would be no such thing as a chemical 
equilibrium. 

Berthelot himself soon noticed the inadmissibility of his principle 
in this connection. He therefore limited his law that a chemical 
system strives towards that final condition which has the greatest 
diminution of total energy compared with the original state, to those 
cases only where the interference of foreign energy does not form a 
disturbing factor. We shall not consider here all the unsuccessful 
attempts which have been made to explain every process which occurs 
with an absorption of heat, by the interference of some foreign (not 
chemical) force. 

It must not be forgotten, however, that the defence of the universal 
truth of Berthelot’s principle is due to the fact that, on the whole, the 
occurrence of those reactions which develop heat is more probable 
than that of endothermic reactions; and also that very frequently the 
sense of the chemical forces coincides with that in which a chemical pveess 
takes place with a development of heat 

The claim of this principle to b.e an absolute law of nature must 
be rejected ; and yet it is too often true for us to ignore it entirely. 
It would be as absurd to give it complete neglect, as to give it 
absolute recognition. 

Now it is never to be doubted in the investigation of nature, that 
a rule which holds good in many cases, but which fails in a few cases, 
contains a genuine kernel of truth, — a kernel which has not as yet 
been “shelled’^ from its enclosing hull. And so in this case, as I 
have emphasised in the earlier editions of this book, it seems to me 
possible that, in a clearer form, Berthelot’s principle may some day 
regain its importance. Inasmuch as we are dealing here with a 
question of great significance — a significance which is rarely met in 
chemical investigation— we will try to specialise the somewhat too 
general form of Berthelot’s rule, and apply it to some simple cases. 

We must, however, always be on our guard against a confusion 
which is liable to arise in this kind of reasoning. Since development 
of heat causes an elevation of temperature and therefore always 
increases the reaction velocity, while, conversely, heat absorption 
decreases it, therefore exothermic reactions must always be self- 
stimulating, and endothermic reactions self-restraining, unless the 
reaction mixture is artificially maintained at constant temperature. 

Methods for the Determination of Affinity. — We have already 
found, in the determination of the equilibrium between the reacting sub- 
stances, a method of very general applicability for the determination 
of the affinity of reactions ; the change of free energy A referred to 
unit concentration was found to be (p. 692) 

A= -RTln K. 

If this refers to a dissociation, then K denotes the dissociation 
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constant, and the negative value of A denotes the “free energy of 
formation ” of the compound. If all the dissociation constants of all 
of the reacting compounds are known, then we know the affinities of 
all the reactions ; this theorem finds an excellent illustration in the 
treatment of reactions between electrolytes, as given in Chapter IV. 
of Book III. 

Another method for the measurement of affinity, which is very 
simple and exact, will be given in the following chapter : it depends 
on the determination of the electromotive force of galvanic combinations} 

The great importance of affinity determinations as those just 
described, may be illustrated by the following example among many. 

As is well known, the combustion of carbon is the reaction whose 
capacity for work provides the driving power of most of our engines. 
The affinity of this reaction, Le, the maximal external work which can 
be obtained by the combustion of 1 g. atom of carbon (=12 g.) to 
carbon dioxide was previously unknown; and therefore we did not 
know the capacity for work of an ideal machine working at its 
maximum efficiency, when it is fed with coal. 

The following method' leads to a solution of this problem. We 
know the equilibrium between carbon dioxide, carbon monoxide, and 
oxygen (p. 729), ie. we know the affinity Ap of the reaction 

2CO + ©2 - 2 CO 2 + Ap 

and, moreover, at all temperatures. On the other hand, Rathke 
(p. 743) has observed that it is not possible to reduce carbon dioxide 
completely to carbon monoxide by the action of glowing coal. Thus 
a single quantitative experiment on the equilibrium between carbon 
monoxide, carbon dioxide, and carbon, would give us for all tempera- 
tures, exactly as in the preceding case, the affinity A 2 , of the reaction 

C + C0.2=2C0 + A2. 

Then the addition of these two energy equations gives indirectly, 

G + Og = CO.> 4- A^ 4- A 2 j 

that is, the required affinity of the combustion of carbon : this cannot 
be directly determined owing to the extremely minute dissociation of 
carbon dioxide into- oxygen and carbon. 

By means of the recent investigations of Boudouard,‘^ who found that 
at 1000° and atmospheric pressure 99*3% CO and 0*7% COg can exist in 
presence of solid (amorphous) carbon, we can determine the affinity of carbon 
and oxygen in the way I have proposed above. According to p. 729 carbon 
dioxide is dissociated to the extent of 0*0027% at 1000° and under atmos- 


* Zeitschr. annrg. Chem. 14. 145 (1897). 

2 Coinpt. rend. 128. 842 ; Bull. soc. chim. of the 5th August 1899 and 5th March 
1900. 
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pheric pressure. The quantity of oxygen x which coexists with carbon 
monoxide at 0 993 and carbon dioxide at 0*007 atmospheres can be found 
>)y the law of mass action, which gives 

K . (1)2^(0 000027)‘-2(0*0000135) 

K. (0*007)" = (0*993)2. X, 

whence x = 4 * 9 xl 0“^2 atmospheres. In order to combine carbon and 
oxygen at atmospheric pressure we may suppose, according to the cyclic 
process on p. 691, oxygen introduced into the system investigated by 
Boudouard and carbon dioxide removed. This gives as the affinity in 
question / 

A = Ai + A2 = RTln^-RTln^.^^-,^ 

or (p. 694) 

0*007 

A = 4*671 . 1273.log— —=94,000 cal. 

The heat of reaction at atmospheric temperature is, according to p. 633, 
97,650, and therefore is little different to the above value ; but as A and 
Q become more nearly equal in any case at lower temperatures (p. 743), we 
obtain the result that the heat of combustion of coal at atmospheric temperor 
ture is almost completely convertible into external work. This result will be 
verified further on in an entirely different way. 

Boudouard’s numbers have been confirmed by Rbead and Wheeler in a 
painstaking research. \^Tourn, Ghem. Soc. 97. 2178 (1910).] 

A New Theorem of Thermodsmamics. — We have seen above 
(p. 742) that the comparison of total and free energy in reactions in 
which gases or solutions take part, has, strictly speaking, no meaning. 
On the other hand, when a reaction takes place between perfectly 
pure substances, entirely in solid or liquid form, the differences between 
A and U are usually found to be small. I have been led to the con- 
clusion that not only do A and U become equal at the absolute zero 
of temperature, but that their curves touch asymptotically at this point. 
That is to say 

lim ^ = lira ^ (for T = 0) . . . (4) 

It is to be remembered that this equation is only strictly applicable 
to pure solid or liquid substances ; gases are incapable of existence at 
absolute zero, while the behaviour of solutions needs closer study. 

This simple theorem leads to a number of results which in my 
opinion have been completely confirmed by experience. From the 
standpoint of molecular theory, also, the new theorem can ho derived 
with certainty from the content of energy of solid substances at low 
temperatures. (See the last paragraph of this chapter.) 

It will now be shown that from this hypothesis we can obtain 
relations between chemical affinity and heat of reaction which enable 
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the calculation of chemical equilibria from thermal data — Le. that the 
same problem is solved which Berthelot’s principle was meant to 
solve.^ 

Relation between Affinity and Development of Heat in 
Condensed Systems. — If we assume, as we are entitled to do by 
experience, that the specific heats of solid and liquid bodies can be 
expressed in whole powers of the temperature, then it follows that 
the development of heat U can also be expressed in the same form : 

U = Uo + aT + /0T2 + yT3 . . . (5) 

Substituting in the equation 

A-U = T^| .... (3) 

and integrating, we obtain 

A = Uo + aT-aTliiT-i8T2-^T»+ . . (6) 

where a is an unknown integration constant. 

The correctness of this integration may be easily seen by sub- 
stitution in (3). 

Differentiation gives us 

|^ = a + 2;3T + 3yT^+ . . .; 


d A S 


From our theorem 


flA dU 


lira = lim -jTj, (T = 0) 


it follows at once that 


a = 0 and a - 0 . 

• (7) 

and hence that 


• (8) 

A = U„-/J'F-^TB- . . 

• (9) 


^ The above therm odyiiaiiiical theorem is developed in the following papers : Nernst, 
“Berechnung chemischer G1 eichgewichte aus thermischer Messungen,” Nachr. d. Oes, 
d. Wissensch, zu Gottingen, Math-phys. KL, 1906, Heft I. ; Nernst, Sitzungsher. Preuss, 
Akad, d. WissenscJmft., 20 Dec. 1906. A detailed account, and calculation of 
numerous examples, will be found in the Silliman Lectures by Nernst, Applications of 
Thermodynamics to Chemistry (Scribner & Sons, New York, 1907) ; see further, Planck 
{The.rmodynamik, 3rd ed. pp. 268 ff., 1911) ; Sackur {Thermochemie und Tlmmodynamik, 
pp. 305 ff., Berlin, 1912) ; and also Pollitzer’s monograph, Berechnung chemischer 
AfUnitdten 'nach dem Nemstschen Wdrmetliewemy Stuttgart, 1912. 
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We see therefore that A can be calculated from purely thermal data, 
which was impossible by the application of the laws of thermodynamics 
known hitherto. 

By combining equation (3) with (4) we see that 
Km ^ = 0, lim = 0 (for T = 0) ; 


on the other hand, by combining the first of these relations with (3) 
we obtain equation (4), which, however, cannot be deduced from the 
second relation. Hence the new theorem can be represented by 


instead of equation (4). 
The relation 


dA 

lim^^=:0, (T^O) 


r. dU ^ 


signifies moreover that in the* neighbourhood of absolute zero mole- 
cular heats must be purely additive, and equal to the sum of the 
atomic heats. This holds for solid as well as liquid (amorphous) 
bodies ; and has been completely confirmed, for the quantum theory as 
well as all observations show that the atomic heats of all solid bodies 
vanish at very low temperatures. (See p. 255 ff.) 

The calculation of numerous examples shows that the coefficients 
p and y, which can be obtained from the specific heats, are not very 
large, and this explains why the difference (per cent) between A and 
U is very small when the heat of reaction is considerable. This fact 
has been confirmed in recent times by different investigators, especially 
for the changes of solid substances ; it also explains at the same time 
the regularities put forward by Berthelob in support of his principle. 

The accompanying diagrams may finally help to elucidate the 
position. If we omit all but the first member of the series represent- 
ing U as a temperature function, then Fig. 55 gives the curves for U 
and A which would be obtained from equations (5) and (6), i,e. simply 
with the help of the two laws of thermodynamics known up to the 
present time, 

Curves of this kind have been briefly discussed by van’t Hoff^ 
and by Broensted.^ Reference may especially be made to Haber’s 
treatipent.'^ 

The course of the curves is distinctly different when we combine 
the new hypothesis (4) with the familiar laws of thermodynamics. 
Taking into account only one term involving T in the series for 

^ Boltzniann Festschr\fty 1904, p. 233. 

2 Zeitachr. pliys. Chef»i. 66. 645 (1906). 

^ Zeitachr. anorg. Chein, 41 * 436 (1904). 
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U we must put 

U = Uo + /3T2 A = Uo-i8T2 

and we thus obtain the curves shown in Fig. 56. The advance 
due to our new hypothesis is 
that the integration constant a, 
which would have to be deter- 
mined separately for each re- 
action, cancels out, and therefore 
a calculation of A from thermal 
data becomes possible for con- 
densed systems. 

Equation (4) naturally holds 
good for every kind of equi- 
librium whether it is attained at 
constant pressure or at constant 
volume, provided that the second 
law (equation 3) is properly Fig. ss. 

applied to the condensed system 

under investigation. It is an error to suppose, as has been done 
recently, that the latter equation only refers to systems at constant 
volume ; on the contrary it has been practically always applied 
to condensed systems in the form 



whether the affinity of the reaction in question has been expressed by 
vapour pressures, solubilities, dissociation pressures, or electromotive 
forces. As a matter of fact, when, as is most usually the case, the 
pressure is 1 atm., it can practically be considered zero when the 

system is condensed, and hence 
the external work caused by 
a change in volume can be 
neglected. 

Transition Point.— When 
applied to reactions in con- 
densed systems which take place 
with considerable changes in 
affinity, the new theorem only 
explains the regularities which 
have already been empirically 
^ observed (and of course allows 
us to calculate the small differ- 
ence between A and U quantk 
tatively from the specific heats). But when A is small in comparison 
with IF, and therefore Berthelot’s principle is absolutely invalid, 
application of the new theorem leads to quite new results. 
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Transition points are an instance of this (p. 675); from the 
theorem, which permits the calculation of A from purely thermal 
data, we can evidently obtain the temperature at which 

A = 0, 

i,e. the transition temperature. We can use the formula 

A = Uo-iOT2 

thus limiting ourselves to two terms in the series for U, or in other 
words assuming that the dilference between the capacities for heat of 
the disappearing and resulting substance is proportional to the absolute 
temperature. As an example, let us consider the change of monoclmic 
into rhombic sulphur, Broensted ^ studied this change in a brilliant 
investigation, obtaining the values for both U and A at dilferent 
temperatures. If we assume that the difference between the specific 
heats c., and c^ of the two modifications rises proportionally to the 
temperature, then we obtain 

2/3T‘= Cg — Cj 

= (from the first law of thermodynamics), 
and hence by integration 

where U is the heat developed by the change of 1 g. sulphur. 
Numerically we find 

U = l*57 + M5xl0-^T2 


T. 

U (obs.). 

U((yilc.). 

Olwervor. 

273 

2-40 

2*43 

Broensted {l.c.) 

368 

3-19 

3T3 

Tammann (p. 677) 


Since /0=ri5x 10“^ the difference between the specific heats 
is given by 

Ci,-Ci = ^=2-30x 10-«T. 

The following table shows the observed and calculated values of 
this difference at various temperatures. 


* Zeitsch/r, j^hys. Ghent, 56. 371 (1906). 
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T. 

(lU 

dT‘ 

2*80 T. 10 0. 

Observer. 

83 

0*0854- 0*0843 = 0'0011 

0*0019 

Nernst 

^3 

0*0926 -0*0916=0-0010 

0*0021 


138 

0*1185 -0*1131 = 0-0064 

0*0032 

Koref 

198 

0*1629-0*1473 = 0*0066 

0*0046 

Nernst 

235 1 

0*1612-0*1637=0-0075 

0*0054 

Koref 

290 

0*1774 -0*1720=0*0054 

0*0067 

Wigand ^ 

293 

0*1794-0-1705 = 0*0089 

0*0067 

Koref 

299 

0*1809 -0*1727 = 0*0082 

0*0069 

Wigand 

329 

0*1844 -0*1764 = 0*0080 

0*0076 

Regnault 


The fact that the differences are smaller at low temperatures and 
larger at higher temperatures than the above formula requires cannot 
be accounted for completely by errors of experiment ; but the 
differences are too small to throw any appreciable doubt on the 
accuracy of the formulae involved. In any case the general course of 
the specific heat curves deduced from these equations has been well 
confirmed by the above experiments. 

A is therefore given at the same time by the equation 

A=l-57-M5 . 10-^T^. 

(Fig. 56, p. 749, represents the change in U and A according to these 
formulae.) 

If we calculate the transition temperature Tq (under the pressure 
of saturated sulphur vapour), at which A = 0 (neglecting the vanish- 
ingly small external work caused by the difference in volume between 
the two modifications), we obtain 

y l*57 

1 .1 n -5 = (instead of 273 + 95*4 = 368-4). 
i * 1 0 X 1 u 

Broensted further determined the values of A (in g. cal) for a series of 
temperatures by means of solubility determinations (cf. pp. 143 and 
697) 


T. 

A obs. 

A calc. 

273 

0*72 

0*71 

288*6 

0*64 

0*61 

291*6 1 

0*63 

0*59 

298*3 

I 0*67 

0*56 


The values agree to within a few per cent, to which extent 
Broensted states the observed values are uncertain. 


1 Anrwl^n d, Physik, (4) 22. 79 (1907). 
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It is therefore established that the maximal work of the above 
reaction can actually be calculated from purely thermal data.^ 

If and are the specific heats, and U° the heat of transforma- 
tion at the transition point T^j, then it is easy to show that ^ 



A corresponding equation is also true for melting points, but only 
when the difference between the specific heats of solid and supercooled 
liquid rises proportionally with the temperature. This seems actually 
approximately true in many cases, for Tammann ^ found the same rela- 
tion empirically, e,g. for naphthalene, 

U" = 34-7, c^" - 0*332, Cg" = 0*442, 

and 

34*7 

. = — = 315 (instead of 353). 

As is well known, the specific heat of water in the liquid condition 
exhibits great anomalies, obviously on account of strong association. 
The scries for U must therefore be carried further than the second 
term, and consequently we find that the above relation does not even 
hold good approximately in this case : 

80 

'•'o = i^oo^^i = (instead of 273). 

For a complete calculation in this case we should have to know the 
specific heats of supercooled water at low temperatures ; direct 
measurement is impracticable, but it will probably be possible on 
theoretical grounds to obtain some insight into the phenomena in 
question. * 

The hydration of salts, investigated by Schottky and later by the 
author, can be similarly treated; the hydration of potassium ferro- 
cyanide by ice is especially interesting. At very low temperatures 
A and U are both positive ; but on account of the extremely great 
molecular heat of the water combined as hydrate U decreases quickly 
with rising temperature and is negative at 200° abs., while A increases 
regularly. Hence, above 200° we have the interesting case of a 
positive aflfinity between two solid bodies, while the compound formed 
by their union, which is also solid, is formed with absorption of heat ; 
i.e, we have a complete refutation of Berthelot’s principle even though 
the reacting substances are solid. The new theorem, on the other hand, 

^ The calculation carried out by Broeiisted {Lc,) with the help of much more com- 
plicated formulae founded on the second law of thermodynamics is not of the same 
importance, for was assuraetl known ; further, it leads to entirely false values for the 
difference in specitic heats at low temperatures, 

^ Kriatallis-kren und Schindzm^ pp. 42 If. (Leipzig, 1903), 
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explains this behaviour from the changes in the specific heats of the 
reacting substances. (For further details see Pollitzer’s monograph 
referred to on p. 747, in which a number of other examples are 
worked ^ut, including the interesting case of the stability-relations 
of diamond j see also Chapter VII. of this Book.) 

We may complete this paragraph with the following general 
remarks : strictly speaking, the use of equation (8) requires the 
knowledge of specific heats down to absolute zero, and so an impression 
could easily arise that the application of the new theorem was extremely 
hypothetical. But in reality the conditions 

dT “ dT ^ 

or, in other words, the equality of A and U is fulfilled at easily 
attainable temperatures. Calculation of numerous examples has shown 
that even at absolute temperatures of 100*", at which exact measure- 
ments can be conveniently carried out, the ditference between A and 
U is only a few hundred cals, at the most, and usually very much less. 
At the boiling-point of hydrogen, where also exact investigation can 
be made, as the recent researches of Dewar and Kamerlingh Onnes 
have especially shown, the difference in question is almost always 
completely negligible. 

Affinity and Melting-Point. — As was pointed out on p. 262, 
Lindcmann’s formula gives a method of finding approximately the 
specific heat curve if the melting-point of the element or compound is 
known. Koref (p. 263), following up this idea of Lindemann’s, 
showed that if the sum of the atomic melting-points of the molecules 
resulting from a reaction was considerably greater than that of the 
original molecules, the affinity decreased with rising temi3erature, and 
vice versa. This rule is convenient for obtaining approximately the 
shape of the A and U curves. 

Ghemical Equilibrium in Homogeneous Gaseous Systems. — 

It can now be easily shown that the equilibrium in homogeneous 
gaseous systems can also be calculated when we know, as above, the 
heat of reaction, and besides this, the integration constants of the 
vapour-pressure curves of the reacting substances. 

If the heat of reaction is given by the expression 

U = Uo + aT + ^T2 + yT8+ . . . (10) 

then the second law of thermodynamics gives the relation (p. 706) 

lnK= -g|i + glnT + ^T+-'^T2- . . . + I . (11) 

In order to make use of our theorem, we consider the equilibrium in 

3 0 
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question at a temperature low enough for all the reacting molecular 
species to be either in the liquid or solid state ; we can then consider 
the reaction as taking place between simply solid and liquid (pure) 
substances, according to the scheme 

+ • = . . • ( 12 ) 

For each of these substances we can obtain from the second law of 
thermodynamics a vapour pressure formula which we can express as a 
special form of equation (11) ; if | is the concentration of the saturated 
vapour, then 


and hence 

Inir. _ ■^0 +‘^lnT+-‘*T + ^®-T2 . . . +i. . (13) 

^ RT R R 2H . ^ ' 

where 

A = + + . . (14) 

A is the heat of condensation and i the integration constant. 

In order to calculate the affinity of reaction (12), we conduct the 
process iso thermally and reversibly, exactly as described on p. 690, 
thus finding that 

A-IiT(lnK-:f:vlnO . . . (15) 

where 2vln ^ is the summation 

+ i/j In + i/j In + . . . - v' In - 

But now our theorem requires (p. 747) that for a reaction taking 
place according to the scheme (12), the coefficients of the terms T and 
T In T in equation (15) must vanish; combining this equation with 
(11) and (13) we see jit once that the term containing the factor T is^ 

RT(I-:^vi) 

and therefore 

I = :::vi . . . . (16) 

This equation is a very remarkable consequence of the new 
theorem ; equation (11) contains besides thermal magnitudes only .the 
integration constant I ; this is now referred to a sum of integration 
constants which can be determined once and for all for every molecular 
species, most directly from the vapour-pressure curves of the substance 
in question in the liquid or solid condition. The above calculations 
show at the same time that the integration constant i is independent of 
the nature of condensation product^ e.g, it is the same for ice as for 

' The comlitioii that the factor of T In T vanishes is satisfied by the additivity of 
atomic heats of solid substances at very low temperatures. It presents, therefore, nothing 
new. 
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water ; the two known laws of tliermodynamics teach us nothing 
about fchis. 

Heterogeneous Equilibrium. — We will now assume that in a 
homogeneous gaseous system for which the relation (according to the 
preceding paragraph) 

+ . ( 17 ) 

holds good, one molecular species is present as solid or liquid. Then, 
subtracting from the above equation the expression 

referring to the molecular species in question, we arrive at the result 
that the equilibrium constant K goes over to the value which, according 
to the earlier rules (p. 517), corresponds to the heterogeneous equi- 
librium in question. The value of i for the solid or liquid molecular 
species cancels out of the last term, and the remaining terms, which 
contain only thermal data, go over analogously to those values which 
refer to the heterogeneous system. 

When several molecular species are present in the solid or liquid 
state, the above operation must be repeated for each species, and we 
thus arrive at the simple result that equation (17) can also be applied 
to heterogeneous systems in which any number of solid bodies coexist 
with a gaseous phase. The thermal magnitudes are connected with 
the heat developed by the reaction ; the value of K is determined only 
by those molecular species tvhich do not coexist at the same time in the 
solid state^ and consequently we have only to sum the values of “ i ” 
for these molecular species in order to obtain the integration 
constant I. 

Numerical Calculation of Chemical Equilibria from Heats of 
Reaction. — The exact application of the above formula, i.e, the calcula- 
tion oithe values of the constant “ i,"' is at present very difficult, since 
we do not know enough about the specific heats of gases the molecules 
of which possess energy of rotation (p. 265). It is possible, however, 
to proceed in the following manner without making any approxima- 
tions. The affinity of the reaction in question in the condensed state 
is calculated from the thermal data ; then the vapour pressures of the 
reacting substances are determined at any convenient temperature, and 
the equilibrium constant K for this temperature is deduced by means 
of equation (15). By means of the second law of thermodynamics we 
can then deduce the value of K for any temperature from the heat of 
the reaction. 

As in practice the necessary data for carrying out these calculations 
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are only known in very few cases, I have proposed the following 
method. We make use of the integration constants deduced from the 
partly empirical vapour-pressure formula brought forward on p. 236 ; 
since this formula cannot of course be absolutely accurate, the results 
derived in this way are also not absolutely correct, but at the same 
time experience has shown that a good deal of reliance can be placed 
on them. 

The vapour - pressure formula takes the following form when 
ordinary logarithms are introduced : 

. (18) 

p _ i + In R 

If we calculate with partial pressures instead of with concentra- 
tions — which is more convenient in dealing with gaseous systems — our 
new constant 

K' = P x '‘P /! j . (RT)''-+’'=>+ 

Pi •'i' . . . K '■ ' 

and hence, as can be easily shown, ^ 

Q, the heat developed at constant pressure, is correspondingly 
given by the expression 

Q = (^ + Sv3*5T + /5T + 7T2 . . (20) 

The values of C can be called “ chemical constants,’* for, with the 
thermal coefficients, they are characteristic for the chemical behaviour 
of the substances to which they refer. Their determination was 
attended at first with great difficulties ; there are only a few sub- 
stances of which we have accurate vapour -pressure measurements 
extending over a wide range of temperature, which enables us to 
calculate with certainty the three constants c, and C of equation 
(18). But after the calculations had been carried out in a number of 
cases, it became obvious that there was a distinct parallelism between 
the values of a in the equation on p. 235 on the one hand, and the 
so-called “Trouton constants” (p. 295) on the other. If the vapour 
pressure in equation (19) is expressed in atmospheres, we obtain the» 
formulas 

C = ri a = 0*14~ (approximately). 

^ See p. 764 for the carrying ont of this summation. 


logp= - 

where 
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In this way finally the following table could be constructed : 


Chemical Constants 


H, . 

. 1-6 

HCl . 

. 3*0 

CSo . 

. 3*1 

CH 4 . . 

. 2-5 

HI . 

. 3-4 

NH 3 . 

. 3*3 

N, . 

. 2-6 

NO . 

. 3-5 

H 3 O . 

. 3*6 

O 2 . 

. 2-8 

NoO . 

. 3*3 

CCI 4 . 

. 3*1 

CO . 

. 3-5 

HaS . 

. 3-0 

CHCI 3 

. 3-2 

CI 2 . 

. 3*1 

SO 2 . 

. 3*3 

CWe . 

. 3-0 

12 . 

. 3*9 

COa 

. 3-2 




We see that the value of C for the majority of these substances is 
about 3*1 j the low boiling substances, especially hydrogen, have 
smaller, and the associated substances greater, values, i,e, C behaves 

exactly the same as the quotient ~ (p. 295) ; the parallelism between 

the two magnitudes should not, however, be carried further. 

It is to be observed that in all thermodynamical calculations C 
does not appear by itself, but always in combination with the expres- 
sion r75 log T; if we replace the factor 1:75 by a slightly smaller 
or larger number, which hardly affects the utility of the above vapour- 
pressure formula, we naturally obtain quite different values for the 
chemical constants, which give equally good results. This is, of course, 
only another way of saying that various interpolation formulae can be 
built up, which are equally useful. It is also obvious that any one 
of these formulae can bo used for testing the new theorem of thermo- 
dynamics, provided they reproduce the vapour-pressure measurements 
accurately. These remarks may appear almost trivial to well-informed 
people; but I cannot omit them since Cohnstamm and Ornstein,^ 
besides making many other mistakes, have erroneously criticised this 
method of calculation, which should be quite simple to any one who is 
used to carrying out scientific calculations. 

Example. — We will illustrate the practical application of ecpiation (19) 
by calculating the dissociation of water vapour. 

In this case we have 

4 

U-113880 4-3-5T4-0'0035T^-g 

When T = 290 this expression gives a value for U = 1 15160 = 2(68200 — 18 
590) : (68200 = heat of formation of 1 molecule liquid water, 590 = heat of 
evaporation per gram). 

^ VerJmndlnngen der Amsterdam. Aluui. d. IFiss. of 24tli Dec. 1910, 27th May 
1911, and 30th Dec. 1911. See uiy reply in the same journal, 27th May 1911, in 
which I took the trouble to explain to these authors some of the worst of their mistakes. 
As, however, they say in their second communication that a real proof of my theorem 
could only be obtained by an investigation of chemical reactions in the neighbourhood of 
the alisolute zero, I must now consider that this reply was entirely superfluous, since- 
the authors could have shown in no better way than by such a suggestion that the true 
meaning of the new theorem in every respect had entirely escaped them. 
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By (lifFerentiating we obtain for the difference of the molecular heats the 
expression 

rji2 T3 

2H2 + 03- 2H2O = 3-5 + 0 007T - 4 j 


which agrees satisfactorily up to fairly high temperatures With recent 
measurements (p. 266). 

It follows further that 


logK'== 


m,880 

4%571T 


4* 1*75 log 


^ 0-0035 _ 0-67 T2 

4-6 106 


M3 T3 
4-6 109 


(:S»'C = 2 . 1-6 + 2-8 - 2 . 3-6 = - 1-2). 


According to p. 727 the degree of dissociation x under atmospheric 
pressure at T = 1300 is 0*27 . 10^^ and hence 

logK' = log -= - U-01. 

M 


The temperature which corresponds to this value for K is given by the 
above equation as 

113,880 


T-- 


4-571 


/ ^ 0-0035„, 0*67 T2 0-13 T-^ 

^14'01 + 1-75 log r+ 1- ^.g j-g,,- 


1-2 


As the terms of this denominator which contain T are only correction 
terms, we can calculate T easily by approximation. Tlie value thus found is 

T== 1320 (calc.) instead of 1300 (obs.). 

Differences as great and even greater than this are obviously to be attri- 
buted to the uncertainty of the thermal data, especially of specific heats ; 
the degree of dissociation varies very greatly with the temperature, and it is 
therefore evident that the differences between the calculated and observed 
results can be large. But it obviously shows a want of critical capacity 
to make s\icli unavoidable differences the basis of an attack against the 
principles of the theory ; this would only be admissible if the differences 
were certainly greater than could be explained by the uncertainty of the 
thermal data. 


Derivation of an Approximation Formula. — As the coefficients 
and y in equations (19) and (20) can only be calculated at present 
for isolated cases, we may for the time make use of the approximation 
formula 

log K' = - - + 2v I -75 log T + 2.C . (2 1) 

Q' is the heat developed at ordinary temperatures and under constant 
pressure, and can be taken directly from thermochemical tables. Of 
course the equations (8), (9), and (16) must be always used when it is 
a question of testing the theorem we have developed, but the calcula- 



CH. V 


HEAT AND CHEMICAL ENERGY 


759 


tion of numerous examples has shown that the above approximation 
formula is very well suited to obtain with the help of thermochemical 
tables a fairly accurate idea of the state of equilibrium in a system. In 
the following paragraph a few examples of this kind will be discussed. 

Discussion of a few Examples. — Let us first consider the case 
when = 0, i.e, when as many gaseous molecules disappear in the 
reaction as are formed. Then we have 

l*75 1ogT = 0, 

and it is also to be noticed that the expression 2vC is not very con- 
siderable because of the approximate equality of the values for C. If 
the heat of reaction is also small in this case, as, e.g.y in the reaction 

+ I^ = 2HI, 

or even exactly zero, as in the passage of one optical isomer into its 
antipode, then K' will be nearly or exactly = 1. This means that the 
components in equilibrium have approximately (or exactly) equal 
partial pressures. This is entirely confirmed by experiment ; besides 
the examples already given may be mentioned the formation of esters, 
the classical case of chemical equilibrium. As the formation of gaseous 
ethyl acetate and water from the vapours of alcohol and acetic acid 
takes place with an inconsiderable heat of reaction, it follows that, as 
in the case of hydriodic acid, an equilibrium is established in which all 
the components take part in appreciable concentrations, and as the 
vapour tensions of the four substances are not very different, such an 
equilibrium must also occur in the liquid mixture. 

If, on the other hand, a considerable development of heat takes 
place, as in the reaction 

H2 + a,-2HCl, 

then the right-hand side of equation (21) is strongly negative at low 
temperatures, there is practically no free hydrogen and chlorine 
at equilibrium ; it is only at high temperatures that the right side 
approaches the value zero or at any rate becomes small, and we come 
into a range of perceptible dissociation. The reaction 

2N0=:N2 + 02 

also takes place from left to right with considerable evolution of 
heat, and consequently nitric oxide only becomes comparatively stable 
at high temperatures. The formation of acetylene from hydrogen and 
solid carbon 

Il2+2C:=C2H2 

is similar to the last case. Like the formation of nitric oxide, it is 
attended with strong absorption of heat ; acetylene can therefore be 
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formed from its components only at very high temperature, and even 
then only in minute quantities.^ 

Let us now consider the case when the reaction is accompanied by 
a change in the number of molecules of the gaseous components ; the 
phenomenon of dissociation is the classical example of this. In these 
cases the sum of the last two terras of equation ( 21 ) is positive and 
may be not inconsiderable at fairly high temperatures. It follows 
that, e.^., although the reaction 

2NO, = NA 

takes place, according to p. 701, with the fairly large development of 
12,500 calories, a pronounced dissociation equilibrium is established 
in the neighbourhood of T = 300, and that N 2 O 4 is almost quanti- 
tatively decomposed at slightly higher temperatures. 

In the dissociation of many solid bodies, e,g, calcium carbonate, 
there are also more gaseous molecules on the right than on the left 
side of the equation ; this is still more pronounced in reactions like 
the dissociations of solid ammonium hydrosulphide (p. 696) 

NH^SH^NHg + HgS. 

For the same reason we observe in these cases a distinct dissociation 
pressure even at moderately low temperatures, although the heat of 
formation from the components may be considerable, as in the case of 
ammonium hydrosulphide (22,800 cal.), or even very great, as in the 
case of calcium carbonate (42,520 cal.). 

Applying the above equation to the dissociation of calcium 
carbonate and similar processes, we obtain 

log p = - ^ ^ 


where the chemical constant of CO .2 is 3’2. The temperature Tj at 
which the dissociation pressure is one atmosphere is therefore given 
by 


Q' 




+ 3-2. 


When is somewhere in the neighbourhood of 250 - 350, log 
alters only slightly with the temperature, and hence 

4*571 (1*75 log Tj + 3*2) = 34 approximately, 


and therefore 



This result has been actually empirically established by Le 

^ See V. Wartenberg, Zeitschr, anorg. Chem. 60 . (1907) and Zeitschr. phys. Chevi, 
61 . 366, and 03 . 269 (1908), for a quantitative application of the theory to tliese and a 
few similar cases. 
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Chatelier and Forcrand ; the new theorem not only explains in ^ 
simple manner the number found empirically (mean about 32), but 
also indicates the limits within which the law is true. It must fail at 
very low temperatures (at which, however, no examples have yet been 
found) and also at very high temperatures. The following table con- 
tains heats of dissociation of a number of carbonates, the observed 
temperatures at which the dissociation pressure is one atmosphere, 
and also the temperatures calculated according to Lo Chatelier, 
Forcrand (T^ calc. 1), and according to the new theorem (Tj calc. II). 
Only the latter agree satisfactorily with jobservations.^ 


Snhbtanee. 

Q'. 

Ti (calc. I). 

j Ti (calc. 11). 

Ti (obs.). 

AgCOg 

20060 

627 

! 648 

498 

PbCOg 

22580 

706 

i 610 

575 

MnCOg 

23500 

741 

1 632 

about 600 

OaCOg 

42520 

, 1329 

; 1091 

1176 

SrCOj 

55770 

1 1743 

1403 

1428 


It may finally be pointed out that the chemical affinity of a 
process can now of course be calculated by means of equation (2), p. 
742, from thermal data and the chemical constants. For example, 
the maximal work which can be obtained by the combustion of carbon 
can be easily determined with the help of the above approximation 
formula. We have 

A = - FT 111 K' - Q + (3-2 - 2*8) 4*6T, 

when the resulting carbon dioxide has the same j>artial pressure as 
the disappearing oxygen. As the value of the second term is not 1 per 
cent of the heat of combustion Q at fairly low temperatures (e,g. 
at room temperature), we obtain in this simple way the same result 
already arrived at on p. 746, that A and Q are practically equal. 

It must be noticed that at higher temperatures the change of Q 
with the temperature materially influences the value of A. In a 
similar manner wo can of course calculate easily the maximal work 
to be obtained by the combustion of petroleum, etc. ; this is only 
possible at present with the help of the above formula, for measure- 
ments of equilibria have not been carried out, and, indeed, would be 
scarcely practicable.^ 

The Use of the New Theorem to control Experimental 

Results. — The second law of thermodynamics has for a long time 
been used as an independent test of the accuracy of measurements ; 
the new theorem enables this to be done to an even greater extent, 

^ Brill, ZeiUchr. phys, Cfiem. 67. 736 (1907). 

® See Pollitzer’8 monograph (pp. 127 flf.), referred to on p. 747. 
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a fact which has not been taken sufficiently into consideration hitherto. 
A few examples will therefore now be given of the manner in which 
this theorem has already led to the detection of inaccuracies or in- 
accurate interpretations of experimental results. 

(1) When I applied the approximation formula to the problem of 
the ammonia equilibrium I found considerable differences between the 
calculated and the experimental results of Haber and van Oordt; 
these experiments were described as preliminary, but appeared 
nevertheless to be fairly accurate. This disagreement led to various 
independent .fresh determinations of the equilibrium constants, which 
showed that the first experiments were inaccurate, and entirely con- 
firmed the theoretical results. 

(2) The electromotive force of the oxy-hydrogen gas cell was taken 
as not greater than 1*15 volts as the result of direct observations, 
while according to the now theorem it should be about 1*25 volts. 
Measurements of the dissociation of water vapour, of the e.m.f. of the 
oxy-hydrogen gas cell at high temperatures by Haber, as well as the 
indirect electrochemical determinations of Lewis and Broensted, agree 
with the latter value, and lead to the conclusion that in direct 
measurements the anode does not show the full potential of oxygen 
at 1 atm. pressure, but a lower potential, corresponding probably to 
an oxide of platinum. (See Chapter VI I. of this Book.) 

(3) In calculating the electromotive force of the cell 

Hg I HgCl I PbClg I Pb 

Pollitzer found a difference which, since the heat of formation of 
calomel is known with certainty, he ascribed to a probable inaccuracy 
of a few thousand calories in Thomsen’s value for the heat of formation 
of lead chloride (82700). Koref and Braune therefore repeated the 
determination, using a very exact calomctrical method, and found the 
considerably higher value 85570. Pollitzer’s conclusion, put forward 
on very important grounds, was therefore completely confirmed, and 
the arguments brought forward against it by E. Cohen were shown to 
be unsound.^ 

(4) Clement’s 2 determination of the equilibrium of the reaction 

C + CO2-2CO 

led to results considerably different from the earlier measurements of 
Boudouard and from the theoretical values ; a recent research of 
Rhead and Wheeler confirmed the latter, and made it probable that 
Clement’s results contained a systematic error. (See also p. 745.) 

(5) The case of the two sulphides of copper may also be 
mentioned. The dissociation pressure of sulphur over a mixture of 

^ See Koref and Braune, Zeitschr, f, Electrochem,. 18. 818 (1912). 

* Univ. of Illinois BulL^ Nov. 30, 1909. 
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the two sulphides should, according to the approximation formula, be 
equal to that of solid sulphur at the same temperature, if Thomsen^s 
value for the heats of formation is taken as correct. Frl. Wasjuchnow ^ 
found, however, that the sulphides had to be heated about le50° higher 
to give the same pressure. The heats of formation were therefore 
re-measured by H. v. Wartenberg,^ who found an inaccuracy of some 
1300 and 1450 calories in Thomsen’s numbers. 

(6) According to Thomsen’s determination of the heat of formation 
of silver iodide, iodine should have a measurable dissociation pressure 
at moderately high temperatures ; Naumann,^ however, found it im- 
measurably small at 600". Analogous differences were found when 
the electromotive force of the silver- iodine cell was calculated. 
U. Fischer then found by three independent methods the values 
15200, 14800, and 15000, for the heat of formation, while Thomsen 
had given 13800. This new value leads to complete agreement 
between theory and observation. (For further details see Chapter VII. 
of this Book.) 

In all those cases, in spite of contradictions at first, the theorem 
has proved to be reliable, and has led to a revision or a fresh inter- 
pretation of the experimental observations. 

Oases and Solutions. — As already pointed out on p. 746, I have 
always emphasised that my theorem cannot be applied directly to 
gases, but at the same time I have developed a method by which 
equilibria of gases can be calculated simply from thermal data if we 
know the state of any equilibrium in which the gas in question takes 
part at any convenient temperature. The measurement of a vapour 
pressure is of course the simplest, and we have already seen above 
that if we use this measurement to calculate the chemical constant of 
the gas, it is possible to deduce the state of any equilibrium provided 
the specific heats and the heat of reaction are also known. 

We know now that this limitation is due to the circumstance that 
the kinetic energy of the translatory motion of gas molecules is prob- 
ably directly proportional to the absolute temperature even at very 
low temperatures, while the energy of rotation, on the contrary, has 
been shown by experiment in many cases to be infinitesimally small 
at temperatures easily reached in practice ; and there can be no doubt 
now that it practically vanishes in every case at temperatures sensibly 
above the absolute zero. 

It seems probable that the kinetic energy of translation of a 
molecule, or, better, the change in its direction which is caused by 
collision with other molecules, is also incompatible with the radiation 
laws ; but it is doubtful whether the fall in specific heat which should 
correspond to this will ever be detected by experiment, while at the 

^ Diss.f Berlin, 1909. 2 Zeitschr, physik. (Jhem, 07* 446 (1909). 

^ Diss.j Berlin, 1907. 
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same time we know no method of calculating it theoretically. In any 
case, the fact that the new theorem cannot be applied directly to gases 
at present does not mean that the theorem is incomplete or unsound, 
but rather that there is a gap in our knowledge of the behaviour of 
gases at very low temperatures. 

These difficulties disappear to a large extent when we consider 
equilibria of reactions which involve no change in the number of gas 
molecules present, in which case the reaction takes place without 
perceptible change of kinetic energy at temperatures so low that the 
rotational energies of all the reacting molecules is zero. If, for 
example, as seems quite possible, we could determine the temperatures 
at which the rotational energies of the molecules NO, NgOg, vanish, as 
Eucken succeeded in doing in the case of hydrogen (p. 265), we could 
calculate the heat of the reaction 

N2 + O2-2NO 

for a region in which the kinetic energies of translation of the 
molecules on both sides of the equation were the same. In this region 
the equation 

can be applied with very great accuracy, i,e* it appears possible in 
such cases to calculate the chemical equilibrium solely from thermal 
data, without having recourse to the chemical constants. 

Dilute solutions are similar in many respects, except that experi- 
mental data are more numerous. If, for example, we cool a dilute 
solution gradually down, without freezing it, we finally get a system 
in which the dissolved molecules are held to certain definite positions 
of rest, and hence lose their content of heat practically entirely at 
temperatures sensibly above the absolute zero. In this region A abd 
U must be practically equal, and independent of the temperature. 
The maximum work obtainable by a change in volume of the 
dissolved substance (by mixing the solution with pure solvent), or, 
in other words, the osmotic pressure of the dilute solution under these 
conditions, will be independent of the temperature ; it is indeed clear 
that a dissolved substance which has lost practically all its heat 
motion, can no longer exert a kinetic pressure proportional to the 
absolute temperature. It is, however, quite conceivable that in very 
dilute solutions, in consequence of the forces of cohesion between the 
molecules, which are of quite a different nature in the solid than in 
the liquid state, a considerable amount of work may be associated 
with a change of concenti*ation of the dissolved substance. This 
amount would be independent of the temperature at low temperatures, 
and in the light of the new theorem would be equal to the heat of 
dilution. By developing these considerations it is easily possible to 
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deduce the general behaviour of solutions when cooled down, but we 
shall not consider the matter further at present since experimental 
data are entirely lacking. It is clear, however, that van Hoff’s 
theory of solid solutions (pp. 164 and 299), as experience has shown, 
fails to explain important points. 


The Theorem applied to Equations of State. — The new 

theorem is of course not confined to chemical processes, although up 
to the present it has been applied mainly to these. Among other of 
its applications it gives us important ideas for the development of an 
equation of state for solid and fluid bodies.^ Let us consider the 
expansion of a solid body by the amount Av ; the equation 


A-U-T 


dA 

dT 


then leads to the expression 

3U m A 


ST 


or 


SU 

P-^Sv 



The new theorem gives us at once : 

lim^:^==liin^P = 0(T = 0). 

If, however, a rise in temperature does not increase the pressure 
when the volume is kept constant, it will not increase the volume 
when the pressure is kept constant ; we arrive therefore also at the 
expression ^ 

lim^Y=0(T = 0). 

The above equations show also that at low temperatures com- 
pressibility must be independent of the temperature, and that 
compression is not accompanied by the evolution of latent heat. 
The conditions in which solid bodies exist at low temperatures are 
therefore just as simple as those in which gases exist ; the former 
represent limiting case 1, p. 35, and the latter limiting case 2. 

Yan der Waals’ equation of state does not fulfil these conditions 
at low temperatures; in fact experience has shown that it fails at 
temperatures only slightly below the critical temperature. The 
relations derived from the new theorem have been experimentally 

1 Nernst. Jmrn, phys. chim,, 1911, p. 236 (a slight obscurity in line 18 is due to the 
translation). 

2 Planck comes to the same conclusion, Thermodynamik^ 8rd ed. p. 271. 
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confirmed by Griineisen, so far as the compressibility is concerned, 
and by Ch. Lindemann (p. 268) so far as concerns the expansion 
by heat.^ 

Griineisen has also shown that in certain simple conditions specific 
heats and coefficients of expansion should be proportional (cf. p. 267) ; 
Ch. Lindemann has confirmed this for substances crystallising in the 
regular system. 

A few General Remarks on the New Theorem. — Helmholtz 
showed in 1847 that the first law of thermodynamics, so far as its 
application to material changes is concerned, is a direct consequence 
of mechanics, if we consider the atoms as points of mass, which exert 
on each other a force depending on the distance apart. We have 
already considered (p. 208) the molecular theoretical interpretation 
of the second law. It remains for us to give the new theorem a 
theoretical foundation, and so to make it easier to understand. 

This is possible if we start from the experimental result that 
specific heats of solid bodies practically vanish at low temperatures ; 
the interpretation of this on molecular grounds is that the atoms come 
completely to rest at temperatures above absolute zero. But at 
absolute zero itself, since the atoms can be considered simply as points 
of mass at rest, the ordinary theory of potential is applicable ; 
according to this every change in energy must be equal to the 
corresponding change in potential, i.e, at absolute zero we must have 

A-U 


as was also shown on p. 743. If, however, the atoms can also be 
regarded as at rest at temperatures above absolute zero, the relation 


. dA dU 

A + dT - U + dT 


must also bo true, or in another form 




This is the new law of thermodynamics. 

We arrive at the same result if we accept the quantum theory ; 
according to this theory the diminution in specific heats at low 
temperatures should be proportional to a very high, and eventually to 
an infinite, power of T, and it follows that the A and U curves must 
have a* point of inflection of an infinitely high order. (Compare the 
arguments put forward on p. 266.) 

I have recently shown that very remarkable results are obtained 
by supposing, a reaction associated with an absorption of heat to take 
place at low temperatures. Taking into account the fact that specific 
^ Verhandl. d. Phys, Oes,f June 30, 1911. 
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heats vanish at low temperatures, we see that such a reaction would 
allow the absolute zero to be reached fairly easily. But this 
possibility leads to the carrying out of processes in a circle, which are 
not compatible with present experience. These difficulties are only 
overcome by the assumption that all latent heats are infinitesimal, or 
at any rate of the second order of magnitude, so that Ave can put 

A-U = aT2; 

substituting in the fundamental equation 

,dA 


A-U = T 


dT 


we obtain the relation 


dA 

dT^ 


aT, 


which leads at once to the iieAV theorem 

r A 


This argument therefore leads to a still more general interpretation of 
the new theorem. 

It is impossible to reach the absolute zero by means of any 
material changes taking place at any temperature, however low. 
That this interpretation is more general may be judged from the fact 
that it leads to the conclusion that the Peltier effect divided by the 
absolute temperature (the thermal potential between two metals per 
degree) must be infinitesimal at very low temperatures, and of the 
same order as specific heats. We can therefore now write the three 
laws in the following form : 

1. It is impossible to construct an ideal mechanical machine, Le. 
one that will produce heat or external work from nothing. 

2. It is impossible to construct an ideal heat machine, Le, one that 
will continuously convert the heat of its surroundings into external 
work. 

3. It is impossible to construct an ideal refrigerating machine, i.e. 
one that will deprive a body entirely of heat and thereby cool it to 
absolute zero. 

From the first of these laws it is possible to deduce all conclusions 
which can be drawn from the law of the conservation of energy. 
From the second we can deduce the correctness of the above funda- 
mental equation of the second law of thermodynamics, by introducing 
the idea of temperature. From the third we obtain the mathematical 
expression of the new theorem, by taking into account the fact that 
specific heats vanish at very low temperatures. 
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ELECTRO-CHEMISTRY I 
GENERAL FACTS 

Electrolytic Conduction. — Tfie transport of electricity in conducting 
substances may happen in two different ways, with oi' without simul- 
taneous transport of matter. The latter happens in the case of 
metallic conductors, and the former in electrolytic conductors j these are 
also called conductors of the and second classes^ respectively. 

The nature of metallic conduction is little known. On the other 
hand, We have very detailed conceptions of the nature of electrolysis, 
which has so often been a common link in the histories of physics 
and chemistry. It consists in a chemical decomposition which ’over-* 
comes the strongest affinities by means of the electric force, the study 
of which has long been the favourite occupation of students of 
physics. 

In considering the theory of electrolytic dissociation (p. 388), we 
saw how the process of the conduction of the current was caused by 
the displacement of the free ions {ie. ions which are not united with 
each other to form electrically neutral molecules) in the solution under 
the influence of electric force ; the positive ions migrating from anode 
to cathode, and the negative ions in the opposite direction. 

Hence a solution conducts electricity better the more numerous 
the ions and the smaller the friction which the ions encounter in 
their migration. 

This conception may now be applied, unchanged, to every sub- 
stance which conducts electrolytically, — whether gaseous, liquid, or 
solid, — whether simple or a mixture. 

The electric charge of the ions is equally great whether they occur 
in solution, or in a substance of simple composition ; this follows from 
the fact that the fundamental electrolytic laws of Faraday hold good 
for fused salts as well as for aqueous solufjions. 

The most important features of electrolytic conductivity in solution, 
and in particular in aqueous solution, have been already discussed with 
the theory of electrolytic dissociation, and the doctrine of affinity. 

768 
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The conductivity of simple substances, as, e.g,^ of fused salts, like 
that of solutions, is obviously directly proportional to the degree of 
dissociation, and inversely to the friction of the ions. But it has not 
yet been possible to reduce the observed conductivities to these two 
factors ; because here, of course, there can be no occurrence of a 
phenomenon, analogous to the changes of concentration near the 
electrodes, due to the Hittorf transportation in solutions. And thus 
we cannot state how large a fraction of the total molecules present in 
a fused salt is decomposed into ions, although an indirect solution of 
the question may be possible.^ 

Electrolysis. — When a system composed of conductors of the 
first class is traversed by a galvanic current, theinuil action (Peltier’s 
effect) takes place on the surface between different conductors ; and 
also heat (Joule’s heat) is developed in the whole circuit ; but there is 
no migration of matter associated with the passage of the electricity. 

But, on the other hand, when the galvanic current passes through 
conductors of the second class, then, in addition to the above phenomena, 
there ocairs a transportation of matter (migration of the ions) ; and also 
on the boundaries between the conductors of the first and second 
classes, there occur peculiar chemical processes, which consist primarily 
in the solution of the electrodes or in the separation of the ions from 
the electrolytes, but are usually complicated by secondary reactions 
between the electrolyte and the separated products. 

If two similar metallic electrodes dip into an electrolyte (a solu- 
tion, or a fused, or a solid, salt), then the current J in a circuit formed 
by the electrolytic cell of resistance w and a source of electricity of 
electromotive force E, and resistance W, is, according to Ohm’s law, 

j ^ 

W + w' 

This assumes that there are no changes produced by the current 
in the electrolytic cell, of such a nature as to make it a source of 
E.M.F. But it usually happens in the process of electrolysis, that 
either the nature of the surface of one electrode is changed, whether 
by having another metal precipitated upon it or by dissolving 
(occluding) the separated gases, or else the composition of the electro- 
lyte bathing the electrode is modified in some way. 

In all such cases a resistant electromotive force is produced in the 
cell, the so-called galvanic polarisation ; if we denote the value of this 
by €, then the strength of the current falls to 

J E-c 
W + w' 

^ For water, which is at ordinary temperature an electrolyte, though a very poor 
one, the problem haa actually been solved indirectly ; see p. .556. The monograph by 
R. Lorenz, Klektrolyse geschiaolzener Salze I. and 11. (1905, W. Knapp), contains our 
present knowledge on conduction in fused salts. 

3 D 
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The quantity of ions separated by the current may be ascertained 
by means of the law discovered by Faraday in 1833; according to 
this, the quantity of the ion separated in unit time upon the 
electrode, is proportional to the intensity [strength] of the current ; 
and the same quantity of electricity will, in the most different 
electrolytes, electrolyse chemically equivalent quantities of ions. 

When the chemical value of the ions is capable of changing, of 
course the meaning of chemical equivalence changes ; thus the same 
current which separates 200 g. of mercury from a solution of mercurous 
nitrate HgNOg, will separate 100 g. of mercury from a solution of 
Hg(CN)2. 

The quantity of electricity that suffices to deposit one electrochemical 
gram equivalent is 

./Lr * = 96,540 coulombs (ampere seconds) 

1 'UuO 

and will he expressed by F {Faraday). 

The Development of Electrical Energy by Chemical 
Systems. — Several different forms of apparatus are known which are 
capable of developing the galvanic current, and of transforming into 
electrical energy heat (thermopiles), mechanical energy (dynamos), 
or chemical energy (galvanic cell). We shall consider only apparatus 
of the last-named category. 

A chemical system in which the changes of energy, associated with 
the changes of matter, succeed in producing electromotive activity, is 
called. a galvanic element. As the galvanic current is associated with 
changes of matter only in conductors of the second class — electro- 
lytes — and as, on the other hand, it is only in electrolytes that changes 
of matter tend to produce galvanic currents, therefore the galvanic 
elements must contain substances which con4uct electrolytically. 
Hitherto these have been almost exclusively aqueous solutions, and in 
isolated cases molten salts. 

Galvanic elements can be constructed either only by means of 
substances which conduct electrolytically, or else with the help of 
conductors of the first class {i.e. electrodes of metal or carbon). In 
the first category are included the so-called “ liquid cells f which are 
formed by arranging in series, water solutions of electrolytes (acids, 
bases, and salts) ; by such means the electromotive forces developed on 
the contact surfaces between the metals and liquids, are completely 
eliminated. These liquid circuits have been the subject of repeated 
investigation, by du Bois-Eeymond (1867), Worm-Miiller (1870), 
Paalzow (1874), and others. 

These circuits have recently increased in interest because an 
insight into the manner in which they develop their current has been 
obtained by means of the modern theory of solution (Chap. VIII.) ; 
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the electromotive force is produced simply by the mingling of the 
various solutions. 

The process by which current is produced in other galvanic 
elements is also in most instances simple and clear. The current 
brings about certain changes in the element producing it, which changes 
can almost always be predicted from a knowledge of the nature of the 
electrode, and of the liquid which bathes it. 

Thus in the cell of Volta, e.g,^ 

Zn I H 2 SO^aq. | Cu, 

the metal of the negative electrode, zinc, goes into solution and 
hydrogen is developed on the positive copper pole. 

In the Daniell element, 

Zn I ZnSO^aq. | CuSO^aq. | Cu, 

the process which develops the current can be expressed by the 
equation, 

Zn + CuS 04 = Cu + ZnS 04 . 

In the Clark element, 

Zn I ZnSO^aq. | Hg 2 S 04 | Hg, 

which consists of mercury covered with mercurous sulphate, a saturated 
solution of zinc sulphate, and metallic zinc, zinc goes into solution at the 
negative pole and separates out on the positive pole ; but instead of 
forming an amalgam with the mercury, the solid mercurous sulphate 
is reduced according to the equation 

Zn + ng 2 S 04 = ZnSO^ + 2IIg. 

All of these chemical processes occur in accordance with Faradai/s law. 
If the same quantity of electricity passes through the most different 
galvanic elements, the decompositions are all (electrically) equivalent. 

' The experimental determination of electromotive forces is most easily 
carried out by comparison with a standard cell, such as the Clark element, 
which has a potential reliable to within one part in a thousand ; its value 
in international volts is 

Et= 1-4325 -0'00119(t-- 15)- 0*000007(t- 15).’' 

Recently the Weston cell has been preferred ; this is constructed in the 
same way as the Clark cell, but instead of zinc and zinc sulphate cadmium 
and cadmium sulphate are used. The electromotive force of this cell is 

Efc = 1-0183 - 0-000038(t - 20) - 0-00000065(t - 20)^ 

that is, for most purposes may be regarded as independent of temperature. 
For very exact measurements of electromotive force it is desirable to use 
both cells, as they can be constructed without difficulty. For details of the 
measurements see Kohlrausch, Leitf. d. Phys. 9th edit., and especially 
W. Jager, Normalelemente^ Halle, 1902. 
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Special Electrochemical Reactions. — In the electrolysis of, 
e.g,, hydrochloric acid, the ions are directly deposited in a neutral 
condition as gaseous hydrogen and gaseous chlorine, but more often 
this is not the case, but complications occur from the action of the 
ions on each other, on the metal of the electrode, or on the solvent, 
or, finally, on other dissolved substances. The following reactions 
which are intelligible without further explanations may be taken 
as examples : — 

2dH + 20 = H.p + JO 2 

2CH“C00 + 2© = + 2CO, 

Cl + © + Ag - AgCl 
Zn + 2© + 2 H 2 O - Zn(OH )2 + H., 

Ci + © + FoCl2 = FeCl3 
2H + 2© 4 H202 = 2H20. 

All these reactions may bo regarded as due to the action of 
positive and negative electrons on the electrolyte, p. 430 ; the intro- 
duction of negative electrons into the reaction indicates that the 
reaction takes place at the cathode, whore the positive ions (cations) 
are deposited, and similarly the occurrence of positive electrons 
indicates that the reaction takes place at the anode. The number of 
electrons occurring in the reaction gives at the same time the 
number of F*s which are required for the electrochemical reaction 
in question. 

For more ])reci3e knowledge of the nature of electrochemical principles 
it is indi.sx)enHable to know the most important electrochemical reactions ; 
for this we may refer to the excellent work of W. Borchers, Elektro- 
metallurgies 3rd edit. (Leipzig, 1903, Hirzel), F. Haber, Grundriss der 
technischen Elektrochemie auf iheoretischer Grundlage (R, Oldenbourg, 
Milncheu-Leipzig, 1904), and B. Neumann, Theorie iind Praxis der analytischen 
Elektrolyse der Metalle (W, Knapp, Halle, 1897). For the experimental 
study we may note as introductions to x^’actical electrochemical work the 
writings of W. Loeb (Lei])zig, 1899), R. Lorenz (Gottingen, 1901), K. Elbs 
(Halle, 1902), and F. Fischer (Berlin, 1912). Le Blanc gives a short accounl 
of theoretical electro-chemistry in his Lehrbuch der Elektrochemics 4th edit, 
(Leipzig, ,1906) ; while F. Foerster has published an excellent book or 
Elektrochemie ivdssriger LOswngen (Leipzig, 1905, A. Barth). 
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Electrical Work. — Electrical work is given by the product of the 
potential (volts) and the quantity of electricity (coulombs) ; the unit 
of electric work is the volt-ampere-second, or, more briefly, the watt 
second, and is performed when a current of one ampere Hows under a 
difference of potential of one volt for one second. In a])solute measure- 
ment the volt is 10^, the ampere 10 so that the watt second is 

10^ absolute units (cm^ g sec ■’2), 


or according to p. 12 

107 

41,890,000 


0*2387 cal. 


This amount of heat is evolved, for example, when a current of 
1 ampere flows for one second through a resistance of 1 ohm. 

To deposit one electrochemical gram equivalent is needed 06,540 
coulombs, which number we have already designated F. When a 
galvanic cell of electromotive force E yields so much current as 
suffices for the chemical conversion of one gram equivalent the work 
done is 

EF watt seconds = 96,540 x 0*2387 x E - 23,046 E cal. 

If an electrolytic cell has a back electromotive force c the work 
needed to decompose one gram equivalent of the electrolyte is cF. 


Application of the First Law of Thermodynamics.—If a 

galvanic cell of electromotive force E and internal resistance W is 
closed by a resistance w, then, according to Ohm’s law, the current is 

'"W +w 


and the heat evolved in the external circuit is 


i^wt - 


F2 f 


773 
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If W is very small compared with w all the electrical energy 
given out by the cell is spent on the external circuit and we have 

T?2 

i2vvt = t = i/FE, 
w 

where the number of F’s yielded by the element is given by 

it = vF. 

If U is the heat of reaction of the process that yields the current 
per gram equivalent of chemical conversion, a cell which is short 
circuited and enclosed in a calorimeter will give the thermal effect 
vU, when y gram equivalents are converted ; for, according to the 
law of conservation of energy, the thermal effect is the same in what- 
ever way the chemical transformation may take place. But if the 
electrical circuit is placed outside the calorimeter, the heat developed 
in the calorimeter will be less by the amount i^wt, and if w is great 
compared with W the conversion of v equivalents will yield in the 
calorimeter the quantity of heat 

vU-i2wt = v(U-FF) 
or per gram equivalent in the cell the heat 

H - FE - U 

will be absorbed, H may conveniently be described as the latent heat 
of the coll. 

If we may make the supposition that 11 is negligible, it follows 
that 



that is, the electromotive force of the cell can be directly calculated 
from the heat of reaction. Experience shows that in many cases, 
especially in those in which U is large, this assumption holds ; it is 
not permissible, however, to make the assumption tacitly. 

In the following we will describe the heat of reaction in electrochemical 
processes by U, bearing in mind that in practical applications the 
systems of units in which E and U are respectively expressed must 
be taken into consideration. % 

It was long believed and is still occasionally stated that in a 
galvanic cell the decrease in tohal energy which is associated with the 
chemical change, that is the heat of reaction, is the direct measure of 
the electromotive force, or, in other words, that the chemical energy 
is simply converted into electrical; this assumption would involve 
the equation 

FE = U, 

as has already been remarked above ; if U is measured in calories and 
E in volts we should have, according to the above. 
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F= ^ 
23,0i6 


volt. 


This relation was put forward tentatively by v. Helmholtz (1847) and 
W. Thomson (1851), and is commonly known as Thomson’s law; it 
would follow from the law of conservaiion of energy if a galvanic cell neitha' 
rose nm fell in temperature when yielding current^ that is, if it neither 
gave heat to its surroundings nor withdrew heat from them, but 
though this is often approximately the case it is not accurately true. 
It was long considered that the difference between calculation and 
observation was due to errors of experiment, but this view was com- 
pletely disproved by the experimental investigations of Thomson,^ 
and especially Braun, ^ and by the thermodynamic treatment of v. 
Helmholtz given below, which led to new and very careful measure- 
ments, and finally controverted Thomson’s rule both experimentally 
and theoretically. 

The unqualified recognition which this rule long enjoyed was 
largely due to the circumstance that in the first case to which it was 
applied it agreed very well with observation ; in the Daniell cell, 
namely, the electromotive force has almost precisely the value which 
was calculated from the heat of reaction. The heat of formation of 
one equivalent of zinc sulphate from metal, oxygen and very dilute 
sulphuric acid is 

2 (Zn, 0 ,S 03 ,aq.) = 63,045, 


and for copper sulphate the corresponding amount is 
\ (Cu, 0, SO 3 , aq.) = 37,980. 


The difference between these two values, 

53,045 - 27,980 = 25,065, 

gives the change of energy associated Avith the trans})ort of unit 
amount of electricity from the cell and consequently Avith the deposition 
of 1 grain equivalent of copper from the solution of its sulphate by 
zinc ; according to Thomson’s rule, therefore, the electromotive force 
of the Daniell cell should be 


E" 


25,065 

23,046 


^ 1*088 volt. 


Avhilst direct measurement giA^es 1*09 to 1*10. Similarly good agree- 
ment is found for combinations of the type of the Daniell cell in 
Avhich silver replaces copper and cadmium replaces zinc in the solu- 
tions of their salts. 

Thomson’s rule, however, fails altogether in liquid cells and con- 
centration cells ; here the current-yielding process consists simply in 
1 Wied. Ann. 11 . 246 ( 1880 ). WUd. Ann. 17 . 693 ( 1882 ). 
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the mixing of solutions of different concentrations, and if the solu- 
tions are sufficiently dilute the heat of reaction is nothing, whilst the 
electromotive force can reach a considerable amount. We shall 
subsequently become acquainted with a whole series of galvanic 
combinations in which there are large differences between the observed 
electromotive force and that calculated thermochemically. 

Just the same considerations apply to electrolytic processes, where 
instead of electromotive force E of the galvanic combination we have 
the opposing electromotive force of polarisation c (p. 769). Here also 
only approximate agreement is to be found ; for example, to electrolyse 
dilute hydrochloric acid requires about 1*3 volt, whilst the heat of 
reaction is, according to the equation, 

i(H2,Cy = 22,000 

(HCl, aq.)= 17,310 


and therefore we have 


Total = 39,310 


39,310 

23,046 


1*71; 


it must also be remarked that U is independent of the concentration 
of the hydrochloric acid, whereas c is not so (see Chap. VIII.). The 
galvanic polarisation of a common salt solution calculated from the 
thermodynamic equations 

eg = 22,000 

(HCl, aq.)= 17,310 
(llClaq., NaOH aq.)= 13,700 


gives 


Total = 53,010 
23,046 ’ 


whereas experiment shows it to be about 2*0 volt. 


Reversible Elements. — When we send the same quantity of 
electricity through a galvanic cell, first in one direction, and then in 
the opposite, we must distinguish between two cases. The element 
may return to the original state or not. An example of the first case 
is given by the Daniell cell, 

Zn I ZnSO, | CuSO^ | Cu. 

If unit quantity of electricity (measured electrochemically) is sent 
through this cell in the direction from left to right, then an equivalent 
of zinc goes into solution at one pole, and an equivalent of copper is 
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precipitated upon the other pole. Then if the same quantity of 
electricity is sent through the cell from right to left, an equivalent of 
copper goes into solution, and an equivalent of zinc separates out. 
Thus the system returns again to its original condition. 

An example of the second case is given by Volta’s cell, combined 
according to the scheme, 

Zn I H2SO4 I Cu. 

If unit quantity of electricity pass through this coll from left to nght, 
an equivalent of zinc goes into solution at the zinc pole, and an 
equivalent of hydrogen is set free at the copper jmle. Then when the 
same quantity of electricity passes back from right to left, an equivalent 
of copper passes into solution at the copper pole, and at the zinc pole 
an equivalent of hydrogen is set free. Thus, at the end of the experi- 
ment, an equivalent of copper and an equivalent of zinc have passed 
into the solution, and two equivalents of hydrogen have been set free 
from the system. 

In the first case, the heat developed during the cyclic process, and 
also the external work performed, are both equal to zero. Therefore 
the element must possess the same electromotive force, whether the 
current flows in one direction or the opposite. 

But, in the second case, there must be compensation for the 
chemical changes produced in the course of the experiment ; this can 
only be found in the fact that the sum of the work performed in the 
passage of unit quantity of electricity first in one direction and then 
in the other through the cell, has a certain definite value, ie. that the 
element has a different electromotive force in the two cases. This is 
possible only when an opposite electromotive force is developed by the 
passage of electricity, that is when the element is polarised. 

We therefore call these two classes of cells non-jpolarisahle and 
polaiisable, or non-revei'sihle and reversible, respectively. A kind of 
intermediate link between these two groups is found in such elements 
as Grove’s cell (platinum, nitric acid, sulphuric acid, and zinc) ; these 
are non-polarisable in one direction, namely in that in which they 
produce current ; but they become polarised by loading the current 
through in the opposite direction. 

Strictly speaking, all reversible batteries can be used as aenmu- 
UitorSy and, conversely, all good Jiccumulators must act nivcrsibly. 
Only the reversible elements work rationally, i.e, with the maximum 
efficiency ; the colls which are non-reversiblo are comparable to badly 
built steam-engines, which work with leaky pistons and valves. This 
fact justifies our dealing mainly with cells which work ideally, i.e. with 
those which are reversible. 

In the first place, it is indispensable, for the reversibility, that the 
processes taking place at the electrodes shall he reversible. A metal plate 
which dips into a solution of one of its salts is a reversible electrode^* 
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of this sort ; because, by the passage of the current from the electrode 
into the solution, metal only passes into the solution, and when the 
current passes in the opposite direction the metal passes back from 
the solution to the metal plate. Thus the change is reversible. Such 
electrodes may be called reversible electrodes of the jirst class'^ 

These electrodes can also be suitably called electrodes which are 
reversible as regards the cation because the transfer of electricity is 
limited exclusively to the cation. 

Similarly, reversible electrodes of the second class” may also be called 
electrodes which are reversible with reference to the anion,” 

Thus, e.g.^ if we cover a piece of silver with a layer of AgCl, and 
then dip the electrode so prepared into a solution of a chloride, as 
KOI, the conditions required for an electrode of the second class are 
fulfilled. The passage of electricity from the electrode to the electro- 
lyte can only take place by chlorine ions (obtained by the reduction 
of the AgCl) going into solution; or, when the current is in the 
opposite direction, the chlorine ions will be precipitated upon the 
electrode, uniting with the .silver to form AgCl. In both cases the 
electronegative ions accomjdLsh the transport of the electricity from 
the electrode to the solution,' i.e. the electrode described behaves as 
though it were a modificjition of chlorine, which conducts like a metal, 
and, therefore, it completely satisfies the condition of reversibility. 

In general, every metal covered with one of its insoluble salts, in 
which it forms the basic ingredient, and placed in a solution of another 
salt containing the same electronegative ingredient as the first salt, is 
an electrode which is reversible as regards the animi.” 

It is preferable to use mercury as the metal, because, being a 
liquid, its surface remains in the same condition ; and also, because it 
forms a large number of insoluble compounds with negative radicals. 

Since such insoluble compounds render the electrode unpolarisable 
they are called depolarisafors. 

Reversible galvanic elements may therefore be divided into the 
three following classes — 

1. l^hose composed of two reversible electrodes of the first class, 
as, e.g., the Daniell element. 

2. Those composed of one reversible electrode of the first class, 
and of one reversible electrode of the second class, as, e.g,, the Clark 
“ normal ” element. 

M. Those composed of two reversible electrodes of the second class ; 
no use has thus far been made of any element of this last type. 

The Conversion of Chemical Energy into Electrical 

Energy. — The relations between the heat development of the current- 
generating process of a reversible galvanic cell, and the external work 
performed by this element, i.e. its electromotive force, can be arrived at 
by means of a cyclic process. 
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We will allow the galvanic element having the electromotive force 
E to perform the work E, at the temperature T, whereby an equivalent 
of the positive metal is precipitated upon the positive pole, and an 
equivalent of the metal of the negative pole goes into solution. Let 
U denote the heat of reaction associated with these chemical processes. 
It can be calculated from the thermochemical data ; in the Daniell 
element, it corresponds to the difference between the heats of 
formation 

(Zn, SO,, aq.)-(Cu, SO,, aq.). 

The heat developed in the element is equal to the heat of reaction 
minus the external work, Le, 

=.U-E= -H. 

We will now bring the element from the temperature T to T + dT, 
whereby the electromotive force will change from E to K + dE ; and 
reverse the chemical change in the element by striding in unit quan- 
tity of electricity in the opposite direction. This recjuires expendi- 
ture of the work E + dE, and there occurs an absor})tion of heat 
amounting to 

U + dIT - E - dE. 

After cooling to T the system comes again to its original condition. 

Now, during this reversible cyclic process, the work dP] is performed 
from without ; and at the same time the quantity of heat, PI - U, is 
taken from T + dT to T. 

But now, according to the law regarding the conversion of heat 
into external work, it follows that 

dT 

dE^(E-U),^,, 

or 

dE 

= ( 1 ) 

According as the electromotive force of the element increases or 
decreases with the temperature, 

p]>U, or E<U. 

That is, the electromotive force will, respectively, be greater or smaller 
than the heat of reaction of the chemical processes which produce the 
galvanic current. 

The preceding equation, which may be obtained directly from the 
fundamental equation on p. 23, by setting the change of the free 
energy A equal to E, was first derived by II. v. Helmholtz,^ and was 
soon after subjected to an experimental test by Czapski ; ^ its correct- 

' Sitzmigsber. tier Berl. Akad, for Feb. 2 and July 7, 1882 ; Ues. Ahh. Bd. II. 

2 Wied, Ann. 21. 203 (1884) ; see also Gockel, ibid. 24. 018 (1885). 



780 


THEORETICAL CHEMISTRY 


BK. IV 


ness was thus shown by these experimental results, together with 
those of Jahn.^ 

Experience teaches that there are reversible galvanic elements 
with positive temperature coefficients, as well as with negative ; and 
therefore sometimes a greater and sometimes a smaller amount of 
external work can be obtained than is equivalent; to the heats of 
reaction of the chemical processes producing the current. 

The recent and very exact researches of Jahn (l.c.), who determined 
directly by means of a Bunsen ice calorimeter the amount of heat (U) 
developed in the whole closed circuit of a galvanic element, clearly 
proved that the difference E - U is by no means always equal to zero, 
and can only be neglected in comparison with the total change of 
energy. 

The following table contains the values of the electromotive 
force E, for a number of combinations, expressed both in volts and 
also in cal. ; and also the heat of reaction of the chemical changes 
referred to 1 g. equivalent. An example may serve to show how tlie 
calculation is carried out. 

It was found for the Daniell cell at O'’ 

E = 25,263, U = 25,055, E - U = 208 cal. ; 
on the other hand, its temperature coefficient is 

+0000034, 

Cll 

from which, according to Helmholtz’s formula, 

E - U = 0*000034 . 23,046 . 273 = 213 cal. 

The agreement is amply sufficient, considering the uncertainty of the 
slight difference between E - XJ. 


ConibiiiatioTi. 

B expressed in 

U. 

E- 

-U. 

Volls. 

g.*cal. 

Ob.s. 

Cal. 

Cll, 

Pb, rb(C,H,0.2). MOO HoO 

0-470 

10,842 

8,766 

+ 2076 

+ 2392 

Ag, AgCl 

Zn, Ziil!l 2 + J00 1I„0 

1015 

23,453 

26,023 

2570 

- 2541 

Ag, AgCI 

Zn, ZiiCla + BO lIjO 

1-001 

23,146 

24,456 

-1310 

: -1305 

. Ag, AgCl 

Zn, ZnCla + 26 HaO 

0-960 

22,166 

23,493 

-1327 

-1255 

Ag, AgBr 

Zn, ZnBr2+26 HjO 

0-828 

19,138 

19,882 

- 644 

- 663 


' Wied, Ann, 28 * 21 and 491 (1886) ; see also Jahn, EleHrochcfinit^ Wien, 1896. 



CH. VII 


THERMODYNAMIC THEORY 


781 


A combination found by Bugarsxky,' 

Hg I HgCl - KCl - KOH - HgoO | Hg, 

is especially interesting. This cell yields an electromotive force of 7566 cal., 
and the current given by it is from right to left, so that the current- 
producing process is — 

HgCl + KOH = ^^Hg.,0 + + KCL 

2 “ 2 “ 

This process, however, occurs with ahsorjpiion of Jieat (U = - 3280), that is 

dE 

an endothermic reaction is here electromotively active. Tj,^, according 

to Bugamk y = + 11,276, which is very cousideiable, and according to 

dE 

Helmholtz’s theory U — E - T = - 3710. 


Galvanic Polarisation. — If we electrolyse a system in equilib- 
rium the decomposition caused by electrolysis produces a displacement 
of equilibrium. This of course needs the application of a cei’tain 
amount of external work which is performed by the galvanic current. 
It follows necessarily from this, that the cw^ent which is transwitted 
through the system has to overcome an oj^posing electromotive force. And 
from this there follows this theorem : if we electrolyse a chemical syste^n, 
which is kept at constant temperature^ a reaction takes place in such a way as 
to oppose, in an electromotive way, the passage of the current through the 
system. This principle is included under the more general one of 
action and reaction, stated on p. 711. 

As remarked on p. 769, the intensity of the current in a circuit 
which contains the electromotive force E and an electrolytic cell is 
given by the expression 

E — c 

'""W + w’ 


if the polarising force is equal to the back electromotive force wo shall 
get equilibrium, that is the electrolytic cell forms a galvanic element of 
electromotive force E = c. Hence the formula 


:-U = T 


dT 


will, according to p. 779, apply to it. It is to bo remarked, however, 
that U, the heat of reaction of the process yielding the current, can 
rarely be determined with certainty, because polarisation is commonly 
due to extremely small quantities of substances occluded by the 
electrodes or by changes of concentration in the immediate neighbour- 
hood of the electrodes, which are difficult to define. For these reasons 
the above formula has only been applied in a few cases. 

Moreover, c is usually considerably less than E on account of certain 
^ ZeiUchr, ancry, Chetii, 14. 145 (1897). 
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irreversible processes, such as convection, diffusion, and the like ; see 
especially von Helmholtz (Sitzungsherichte der Berliner Akademie^ 1883, 
p. 660 ; Ges, Ahh. vol. iii.). 

The thermal effects which accompany polarisation have been very 
thoroughly studied by H. Jahn.^ 


Thermodynamic Calculation of Electromotive Forces from 
Vapour Pressures. — Since the electromotive force of a reversible 
galvanic cell measures the maximal work which the current-yielding 
process can give, and since at any given temperature this amount of 
work is perfectly defined, we am calculate the ekctromotive force of any 
comUnation if we know the affinity of the cun'ent^yielding reaction. This 
has been done, in the first place, with so-called concentration cells 
in which the current-yielding process consists simply in the mixing of 
solutions of different concentrations. The calculation was first carried 
out in 1877 by Helmholtz;^ if two copper electrodes are dipped into 
two communicating cells of a copper salt, copper is dissolved in the 
dilute solution and precipitated from the more concentrated ; the 
process which yields the current is therefore the equalisation of 
concentration of the solutions round the two electrodes. The maximal 
work to be obtained in this case can be calculated in various ways, 
most simply by means of isothermal distillation, as shown on p. 112, 
and it follows that this work must ])e equal to the electromotive force, 
as is confirmed by experiment.^ In more recent times I have 
considerably simplified the theory of Helmholtz for dilute solutions by 
application of van’t Hoff’s law, and by making use of reversible 
electrodes of the second kind (see the following chapter) subjected it to 
a relatively exact experimental proof. 


A difrereiit kind of (concentration cell was subsequently studied by 
Ck Meyer,'* after Turin ® had given a theoretical discussion of it. In an 
element which follows the scheme 


Concentrated ainalg.im 


Solution of a salt of the 
metal dissolved in the 
amalgam 


Dilute amalgam 


the current which it yields transfers metal from the more concentrated to 
the dilute amalgam ; and since the process is rtwersible, the electromotive force 
of the cell is again the measure of the maximal work which can be obtained 
from the current-yielding ju-ocess. On the other hand, the osmotic pressure 
of the metal dissolved in the mercury measures the same quantity, and 
hence by determining the elec.troniotive force of cells constructed according 
to the above tyi)e the osmotic pressure of the dissolved metal may be ob- 
Uined. In all the cases experimented on (Zn, Cd, Pb, Sn, Cu, Na) it 


* Zeilschr. phys. Chevi. 18 . 399 (1895) ; 20 . 385 (1898) ; 29 . 77 (1899). 

Wied, Ann. 3. 201 (1877) ; iHes, AhhmuU, i. p. 840. 

^ J. Moser, HVerf. Atm. 14 . 61 (1881). 

Zeitschr. phys. (Jhem, 4 . 129 (1889). 

^ Ibid. 7, 477 (1891). « Ibid. 6. 340 (1890). 
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appeared that (1) the osmotic pressure is proportional to the concentration 
of the metal dissolved in mercury, and (2) that its value (to within a small 
percentage) is that calculated from the temperature (mostly and 

Concentration of the amalgam on the assumption that the molecular weight of 
the dissolved metal is identical with its atomic weight ; the latter result is in 
complete agreement with other determinations of the osmotic pressure of 
metals dissolved in mercury (see p. 441). 

The preceding considerations applied to the etpiilihrium k'tween solid 
and liquid states of aggregation show that at tlie melting"pi»int of a metal, 
electrodes in the solid and liquid states must j)()ssess the same electromotive 
activity ; the force of an element therefore suffers no change when the 
electrode melts, which is in agreement with the exjieriments of Miller.^ 


Application of Thermodynamics to the Lead Accumulator. 

— The thermodynamic treatment given above has been applied to the 
load accumulator in a very interesting paper by F. Dolezalek.- If 
we assume that the current-yielding process is, as suggested by Plants, 
expressed by the equation 

PbO, + Pb + 2H2S()^ 2PbSO^ + 2Hp, 

the electromotive force must clearly increase when the concentration 
of the sulphuric acid is increased and that of tlie water decreased. If 
two lead accumulators filled with acid of different concentrations are 
opposed to one another, the current-yielding process of the combination 
is simply that for two F’s two mols of sulphuric acid are transported 
from the first accumulator to the second, and at the same time two 
mols of water from the second accumulator to the first. If p^ and ])., 
are the vapour pressures of the sulphuric acid, P, and P.^ those of the 
water in the two accumulators, the work done j)er F, which is accord- 
ingly the electromotive force AK of the combined cell, is 


+ . . . . ( 1 ) 

The vapour pressures of water over aqueous sulphuric acid are known 
(p. 162) ; those of sulphuric acid are impossible to measure on account 
of their smallness. According to the considerations on p. 115 we can 
calculate the vapour pressure of one of the com})onents of a mixture 
when we know that of the other as a function of the composition. We 


may therefore express In in equation (1) by means of the vapour 
P2 

pressure P of water ; we found (p. 1 1 5) 


In -f X In = In r/ dx, 
p P I* 


* Zeitschr. phys. (.hem. 10 . 459 (1892). 

Zeitschr. /. FAekirochemie^ 4 . 349 (1898) ; Wied. Ann. 66 . 89-1 (1898) ; see also 
especially the monograph by the same author, Theorie des Bleiak.kumulatifrs^ lialle, 1901, 
Knapp: 
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and this may be applied to the two solutions, of which one contains 
Xj and the other Xg mols of water for one mol of sulphuric acid, and 
yields 

In In p 2 ~ Xj In - I In P dx, 

hence 


AE = RT^Xg In Pg - x^ In P^ - I In P dx + In 


In order to obtain AE in volts we must set 


R = 0*861 . 10-4 


Dolezalek calculated the electromotive force of two accumulators 
opposed to one another also from the formula 


AE = U + 



where U can be calculated from the heat of dilution of sulphuric acid, 

and is given by the measurements of Streintz ^ on the variation 

of the temperature coefficient of the accumulator with the concentra- 

0AE 

tion of the acid. Moreover T-g^ is very small (0*02 volt as the 

maximum), which is in complete agreement with the considerations on 
p. 162, according to which the heat of dilution of a sulphuric acid 
mixture is almost the same as the maximal work done in dilution. 
The following table contains the results of calculation, and shows the 
striking agreement between the electromotive force calculated in 
different ways and measured by different observers. 


Electromotive Force of Accumulators op Different 
Densities of Acid 


No. 

Density 
of Ac1(L 

% 

H28O4. 

X. 

Vapour 

Pressure 

P 

mm. Hg. 

Electromotive force E in volts (0°). 

Calculated 

Measured 

from P. 

from U. 

Dolezalek. 

Streintz. 

1 

1*663 

64*6 

3 

0*431 

2*383 

2*39 

2-355 


2 

1*420 

52*16 

5 

1'297 

2*257 

2*26 

2*263 

2*208 

3 

1*266 

85*26 

10 

1 2*976 

(2*103) 

(2-10) 

2*103 

(2*103) 

4 

1*154 

21*40 

20 

4*027 

2*000 

2*06 

2 008 

1*992 

5 

1*035 

5*16 

100 

4*640 

1*892 

1*85 

1*887 

1*891 


J Wied. Ann, 40 . 464 (1892). 
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During the charge of an accumulator the acid becomes, according to the 
above equation, more concentrated, during discharge more dilute ; accordingly 
during charge the electromotive force of the accumulator must rise, during 
discharge it must fall. If the charge and discharge are carried out with 
considerable current density, relatively large changes of concentration will 
occur at the plates, and accordingly the accumulator will show a noticeably 
higher electromotive force during charge and a noticeably smaller during 
discharge than corresponds to the normal value of 1*96 volt; this is confirmed 
by experiment. Accordingly we have in the accumulator a polarisation of 
a peculiar kind, namely a change in the concentration of acid which takes 
place in the same sense at both the positive and negative plates, although to 
a greater extent at the positive. The accumulator, which of all galvanic 
cells is by far the most important, is also, as Dolezalek has shown in the 
monograph mentioned above, one of the most interesting combinations from 
the thermodynamic point of view ; the thermodynamic treatment has 
yielded the important result that the accumulator works reversibly in the 
sense of the above reaction. 


Electromotive Force and Chemical Equilibrium. — The 

maximal work that a chemical process can yield is, according to 
p. 692, 

A = RTln^^?^- / +RTlnK; . . (1) 

if E is the electromotive force of a galvanic combination, in which the 
current-yielding process is given by a reaction to which equation (1) 
refers, we have 

E = A (2) 

These equations were developed in a somewhat different form, but in 
principle the same, by Helmholtz (1889).^ 

To express E in volts it is necessary, according to p. 773, to put 




10 - 


As an example we will consider the oxy-hydrogen gas cell, already 
discussed by Helmholtz, who, however, had insufficient experimental 
data : 


Pt I H, I H,0 1 0, I Pt. 


Assuming that hydrogen and oxygen are present under unit pressure, 
we have 


4 


In 


where ttj and TTg are the partial pressures of hydrogen and oxygen in 
saturated aqueous vapour. At T = 290 (t = 17°) for example, 
x = 0-48 X 10-25%^ 


^ Ges. Ahh. iii. p. 108. 


3 E 



786 


THEORETICAL CHEMISTRY 


BK. IV 


and reduced to the vapour pressure of water = 0*0191 atm. at this 
temperature 


0*48 X 10-25 
^o'oioT 


= l*80x 10-25%. 


Hence 7ri = 0*0191 . 1*80. lO"^^ atm. and 

0*0191.1*80. 10-27 atm. 

^ 2 ~ - 2 

and we obtain : 

E = 0*01438 log 4*92. loss -= 1.2322 volt at 17°. 

This value, calculated by Wartenberg and myself,^ appeared at first 
sight improbable, as direct measurements — employing weakly acidic 
or alkaline solutions instead of pure water to avoid polarisation — had 
given the considerably lower value of 1*15, This difference, however, 
may be obviously explained by the fact that the oxygen electrode 
does not attain its full potential, so that we are probably dealing with 
the lower potential of an oxide of platinum. If the heat of formation 
of this oxide is low (which is extremely probable), we can easily 
•understand why the temperature coefficient of the “knall-gas” cell 
obeys equation (1), p. 779. 

Broensted 2 and Lewis ^ have calculated indirectly the values 1*224 
and 1*234 volts respectively, which are practically identical with the 
above ; in the following paragraph >ye shall again arrive at the same 
result in a totally independent way. 

Finally it may be pointed out that we can calculate with partial 
pressures instead of concentrations in equation (1) ; the equilibrium 
constant K must then, of course, be calculated in the same way. 

The influence of pressure on electromotive force may be calculated from 
the condition that the electrical work yielded by the cell is diminished by 
an amount equal to the external work performed ( = pressure x increase in 
volume). See the piezochemical studies by Cohen and his collaborators 
{Zeitschr. •physik. Ghem. 67. 1 (1909) ; 78. 299 (1911)). 


Calculation of Electromotive Force from Thermal Data. 
Historical. — As has been already explained on p. 775, Helmholtz in 
1847 and later W. Thomson in 1851 brought forward the theorem 
that in a galvanic element chemical energy is completely transformed 
into electrical energy ; if we express the chemical energy U (taken 
from the thermochemical tables) in gram-calories per gram equivalent, 
then the electromotive force could be calculated from the simple 
formula 


F = -iL_ 
23046 


volt 


( 1 ) 


’ Quit. Nadir. Heft 1 (1906) ; Zeitschr, phys. Ghem. 66. 544 (1906). 
2 im. 66. 744 (1909). 3 Ibid. 66. 449 (1906). 
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It is obvious (cf. pages 740 and 775) that the above equation is 
identical in principle with the so-called Berthelot’s law of maximal 
work, which supposes that the course of a chemical process is deter- 
mined solely by the heat developed. Both laws are often approxi- 
mately true, but internal reasons alone show that they cannot be true 
laws of nature. 

The application of the second law of thermodynamics to the 
galvanic element was an important advance, for which we must thank 
Gibbs and Helmholtz (p. 779). Putting 23,046E = A, we find the 
relation 

d A 

A-U = t“^ .... (2) 

But this equation gives no real solution of the problem, for integration 
is necessary before the electromotive force can be calculated from the 
thermal data, and this involves the appearance of a completely 
undetermined integration constant. 

As the temperature coefficient of the electromotive force is usually 
low, equation (2) explains why A and U are so often nearly equal to 
one another, especially when the absolute temperature T is not high. 
But why the temperature coefficient is often so small remains unex- 
plained, and it is also not possible by means of equation (2) to 
calculate electromotive force from heats of reaction. 

Application of the New Theorem of Thermodynamics. — The 

theorem developed on p. 746 fi*. yields the solution of the problem 
under discussion. If we construct a galvanic element from absolutely 
pure substances in the liquid or solid state, then the theorem gives us 
the relations : 


U = U„ + ^T2 + yT3 + 

• ■ (3) 

A = U,-/iT2-|TS- 

■ • (4) 

The meaning of the coefficients y, . . . is found 

differentiating U with regard to T : 

as before by 

^ = Ci-C,= 2/JT + 3yT2 + 

■ • (6) 


Cl — Cg is here the difference between the capacities for heat before 
and after the transformation of one gram equivalent ; equation (6) is 
therefore fulfilled when the molecular heat C of the reacting com- 
ponents can be expressed by the relation 

C = Co + 2^'T + 3y'T2+ ... 

If possible, it is of course better to use the functions considered or 
p. 259, rather than this purely empirical series in powers of the 
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absolute temperature. It will be useful to explain the above relations 
a little more fully. 

Equations (3) and (4) must in the first place only be applied to 
pure solid and liquid substances, since we do not yet know the specific 
heat curves of gases and solutions at very low temperatures (see p. 265). 

As examples of the calculation of the electromotive force of con- 
densed systems we will consider firstly a case in which the above 
empirical series for C is employed, and secondly one in which the 
exact formulae for the specific heats can be used, since accurate 
measurements are available. 

L The element Lead/Iodine. ^ 

The current-yielding process is : . 


Pb + l 2 = Pbl 2 ... 41850 cals. 

From molecular heats measured at ordinary temperatures we deduce 
the relation 


^5 = 61 X 10-^T, 


if we only consider the first term of the series, equation (3), p. 787. 

It follows that 

U = 41,825 + 3T X 10-^T2, 

A = 41,825 - 3T x lO'^T^. 

As these equations refer to the transformation of 2 gram equivalents, 
the electromotive force at ordinary temperatures is 


41,825-25 
2 X 23,046 


= 0*906 volt. 


This agrees fairly well with experiment (E = 0*890 volt). The in- 
fluence of specific heats is small in this case ; a more exact calcula- 
tion gives the value 0*887 volt. 

II. The element Silver/Iodine. 

The formulae (7) and (8) on p. 259 lead to the expression 


2 Pv. 


Co 



/ Pv \2 ' f pv \2 

VeT-i; vT-iJ 


-1- aT’Vs, 


the last term being an approximation for the small difference Cp - Cy. 
It follows that (p. 728) 




e'r ©2T _ 


4 - f 2 na T^ 


^ Nemst, Ber. preuss. Akad.j 1909, p. 254. 
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and 




[V 2 (j 8 v) - 2-3026 log _ i) - 2-3026 log (e^T - l)] - na T 8 , 

the summation being carried out for all the reacting molecular species 
in the equation 

■A■g-^iI2 = AgL 


The corresponding values for v and a are known from experiments 
discussed on p. 258. U. Fischer^ has further determined the electro- 
motive force and heat of reaction at different temperatures. 

From the electromotive force measured at T = 288 we find that 

Aggjj = 15,700 cals. 

Substitution in the second equation gives us Uq, and from this 
value the values of U and A for all temperatures can be calculated ; 
the tables given in Pollitzer’s monograph (p. 747) materially assist the 
calculations. The results are given in the following table. 


T 


A. 

0 

15,16.5-8 

16,165-8 

20 

16,152-6 

15,173-2 

40 

15,136-8 

15,201-0 

60 

15,124-4 

16,235-1 

80 

15,119-0 

16,274-1 

100 

15;il4-4 

16,313-5 

140 

15,107-8 

16,393-8 

180 

16,100-6 

15,476-8 

220 

15,092-5 

16,660-0 

260 

15,084-5 

15,649-8 

300 

15,074-4 

16,732-5 


These values agree exactly with the electromotive force measure- 
ments within experimental error, and also with the heat of formation 
measured at room temperature by two different methods (see also 
p. 763); a recent independent measurement by Koref and Braune 
(p. 763) of the heat of formation gave the result 15,060 instead 
of 15,080. 

In this case we have an extremely sharp proof of the new theorem, 
since the experimental data for the formation of silver iodide can be 
obtained with great exactitude. 

The behaviour of the Clark cell is very remarkable ; here again 
the experimental data required are known very accurately, and the 
new theorem has been applied with complete success.^ 

It is not difficult in most cases to carry out these calculations also 

1 Zeitschr. anorg. Chem, p. 41 (1912). 

Pollitzer, l,c. p. 149. See also Nemst’s paper referred to on p. 788. 
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for galvanic cells not only made up of pure substances. Let us con- 
sider, the element 

Pb/ saturated aqueous solution of PbBr^/ Pt. 

The process which yields the current is given by the equation 
Pb + Br2 = PbBr2. 

The subsUnces Pb, PbBig, are in a pure condition, but the liquid 
bromine dissolves some water. Now, according to the law of the 
relative lowering of solubility (p. 147), the taking up of water lowers 
the solubility of the bromine, and correspondingly the electromotive 
force is somewhat decreased ; by means of the law just mentioned we 
can calculate what the solubility of the bromine would be if it took 
up no water, and hence arrive at the true electromotive force of the 
pure combination. 

Equations (3) and (4) cannot strictly be applied when gases are 
included in the process which yields the current, because gases are 
incapable of existence at absolute zero ; but, as we have already seen 
on p. 753, the theory can also be extended to this case. (See below.) 

Hence we obtain, in general, the following rules for the calcula- 
tion of electromotive force from heats of reaction : by means of the 
first law of thermodynamics we extrapolate the thermochemical data 
obtained at ordinary temperatures to as low temperatures as possible, 
and then put 

^" 23046 ’ 

We can then calculate the electromotive force at the temperature 
required by means of the second law of thermodynamics (equation (2)), 
or, more simply, by means of equation (4). The galvanic combination 
under consideration must, of course, satisfy the conditions enumerated 
under I., or be such that its departm-e from these conditions can be 
suitably allowed for. 

The new theorem enables us to calculate the E.M.F. of {/as cells 
most simply by means of formula (2), p. 742, where we substitute for 
log K, or, if we calculate with partial pressures instead of concentra- 
tions, for log K', the equations (17), p. 755, or (19), p. 756, 

It can be at once seen that the KM.F. of a gas element can also 
be calculated from the thermal data of the current-yielding process 
and the chemical constants of the gases in question (which are not 
present in the solid or liquid state). 

As an example we will deduce the E.M.F. of the “knall-gas” 
element. If hydrogen and oxygen are present under the pressure of 
one atmosphere it follows that (see also p. 785) 

^ 0*0001983 T, 1 
® T ‘"«KV’ 
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where tt is the value of the vapour pressure of water in atmospheres 
( = 0*0191 at T = 290) and K' can be calculated according to p. 756. 
We obtain therefore ^ 

E= 1*237 volt at T = 290 

in agreement with the result on p. 786. 

If we make use of the approximation formula (21), p. 756, we have 


logK' = 

and from this we find 


115160 . ^ rp TO 

j ^+1-75 log T- 1-2. 


E = 1*25 volt, 


i.e. a fairly accurate value. At higher temperatures where the 
influence of the specific heats is greater, the approximation formula 
would of course give considerably inaccurate results. 

It appears that a first approximation to the calculation of E.M.F. 
at ordinary temperatures may be very easily obtained by the use of 
the above approximation formula, which is exceedingly easy to mani- 
pulate. Bodlander^ compared the heats of formation of numerous 
iodides and chlorides with the electromotive forces of the corre- 
sponding elements. He found that the difference between the two 
magnitudes was only small in the case of the iodides ; in the light of 
our formulse 

23,046E = Uo-|6T2, U = Uo + /8T2; 

this means that the influence of the coefficient jS is small, and of 
different sign for different combinations. In the case of the chlorides, 
on the other hand, Bodlander obtained a good agreement by sub- 
tracting from the heats of formation the value 

5060 cal. = 0*22 volt 


per gram equivalent. The above consideration shows that if we again 
neglect the small coefficient /?, the difference between the two 
magnitudes is 


4*571 . 290 (1*75 log T + 3*2) 
2 


= 4971 cal. = 0*217 volt. 


Bodlander’s empirical conclusion is therefore quantitativdy explained 
by our theory. 

The Qalvanic Element considered as a Chemical System. — 

A galvanic element represents a heterogeneous chemical system, and 
has certain peculiarities; but, on the whole, the influence of mass 
ratios and temperature on the system follows the laws which have 
already been developed for ordinary heterogeneous chemical systems. 

^ Zeitschr. phys, Ghem, 27. 65 (1898). 
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The peculiarity which characterises galvanic batteries above other 
chemical systems is this, that the two metals must be connected by a 
conductor before the reaction can take place. ^We may have a Clark 
cell in open circuit for an indefinite length of time without observing 
a chemical change ; but we cannot conclude from this that the system 
is in equilibrium, any more than we were at liberty to draw a similar 
conclusion regarding an explosive gas mixture (p. 716). 

The reaction velocity in an open ” element, if not absolutely nil, 
is at least practically so, and it does not attain a measurable value 
until the two poles are electrically connected. This reaction velocity 
can be made^to vary as desired, by changing the resistance in the 
circuit, and corresponds directly to the intensity of the current ; ^ for 
according to Faraday^s law, the intensity of the current and the 
chemical change are directly proportional to each other. 

Thus we can speak of having an equilibrium, only when the two 
poles are connected by a conductor, and when also we compensate 
the potential difference in some way by means of an opposing 
electromotive force. This opposing electromotive force is completely 
analogous to the opposing pressure which we found necessary to apply 
in the case of solid NH^Cl, e,g. in order to prevent its complete 
sublimation and consequent separation into its two dissociation 
products. 

^ Closing the circuit of a galvanic element may be considered the simplest and most 
illuminating case of chemical catalysis. 



CHAPTER VIII 


ELECTRO-CIIEMISTKY III 
OSMOTIC THKOIIY 

The Mechanism of Current -Production in Solutions. — The 

considerations thus far advanced rest essentially upon a thermo- 
dynamic basis. It is in the nature of this method of investigation, 
when properly applied, to give results which are undoubtedly correct, 
but not particularly illuminating. In particular, the mechanism of 
galvanic-current production has remained, for the present, entirely 
outside our considerations. But it now appears that the recent views 
of the ionic theory enable us to take an important step forward. 
This chapter is therefore devoted to a special theory regarding the electro- 
motive activity of ions^ which I developed in 1888 and 1889, and which 
is now generally accepted. 

Wo have already developed the view, p. 399, that in the contact 
between two solutions of an electrolyte of different concentrations, 
there is developed an electromotive force which so acts between them, 
that the one ion strives to pass by the other. In this way we 
obtained for the first time a mechanical explanation of the potential 
difference between any two substances, and it became possible to 
calculate this value in absolute measure. 

If we solve the differential equation on p. 400, 

''‘"‘“(a;"’© - -’!!)• 


dP^ _U-V1^ 

dx U+Y^dx’ 

or, bearing in mind equation (2), p. 401, 

dP _ u - V 1 dp 
dx u + V dx 
798 


dS= - 


for T- we find 
dx 
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Inserting the value of the osmotic pressure, 

P = ’jRT, 

and integrating, we have 

P, -P2 = ““'^RTIn22 . . . (1) 

where - Pg is the potential difference between two solutions of the 
same kind, consisting of two univalent ions and assumed to be com- 
pletely dissociated; r/j and rj^ are the concentrations of the two 
solutions. 


The preceding formula may also be deduced thermodynamically in the 
following way, as was shown by the author. ^ Suppose the quantity of 
electricity F to pass across the surface of contact of the two solutions in the 

direction from the concentrated to the dilute solution, equivalents of 


cations will migrate in the same direction, ^ anions in the opposite. 

Since the cations pass from the concentration to the concentration r/g* 
they are capable, according to p. 51, of doing the work of expansion 

U 7 ) 

^ - RT In whilst conversely the anions need an amount of work 

V » 

RT In ”” ; the total work performed by the process is, therefore, 

A = 'ir-^RTIn5l, 

U + V 1?2 


and thus the expression is equal to the electromotive force Pg - P^. If 
^ ^2 u > v, we have A > 0, ie. there is an electromotive force 
tending to produce a current from the concentrated to the dilute solution. 
In the case of incompletely dissociated solutions the ionic concentrations 
must be used instead of rj. 


We can explain mechanically in an entirely similar way,^ the 
potential difference occasioned by the contact of the solutions of any two 
different electrolytes. 

Thus let us bring into contact with each other a solution of HCl 
and of LiBr; then, on the one hand, more hydrogen ions than 
chlorine ions will diffuse from the first solution into the second, and 
therefore the second solution will receive a positive charge ; and, on 
the other hand, more bromine ions than lithium ions will diffuse 
from the second solution into the first, because of the greater mobility 
of the bromine ions; and thus the positive charge of the second 
solution will be increased. 

Moreover, these electromotive forces can be calculated in absolute 


^ Zeitschr, physik, Chem. 4. 129 (1889). 

2 Nernst, ibid. 2. 613 (1888) ; 4. 129 (1889) ; Wied. Anri. 46. 360 (1892). 
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units of measurements, from the gas laws and the ion mobilities, for 
which purpose Planck^ has developed, by integration, the general 
equations given by me. 

In this way we have arrived at a general method for calculating 
theoretically the electromotive forces of any liquid cells, provided 
that only dilute solutions are used, by means of the gas laws and the 
ionic mobilities ; and, moreover, the details of mechanism by which 
these batteries produce the current, are now perfectly clear. 

The electromotive forces between different solutions are nearly 
always small and usually counted only by hundredths or thousandths 
of a volt, but of course they must not be neglected in exact calculations, 
the more so as in most cases they can be estimated with sufficient 
accuracy. In dealing with dilute solutions there is a very simple 
means to reduce them almost to the vanishing point ; this is to use 
as solvent, not pure water, but solution of a suitable indifferent 
electrolyte. Under these circumstances the current flows almost 
entirely through the indifferent electrolyte and consequently no ap- 
preciable osmotic work is done, and there is no appreciable potential 
difference between the solutions. 

The gas constant E may be expressed in the electrochemical system 
of units as follows. We have 


p.,RT.,5&T, 


where p^ is the osmotic pressure in a space of unit concentration. 
Expressing the concentration in mols per c.cm. we have 

Pq = 22412 atm. = 22412 . 1033*3 . 981 abs. units. 

Now unit quantity of electricity in absolute measure is associated 
with 1*035 . 10"'* mols of a univalent ion; accordingly if we take as 
the unit of concentration the corresponding number 1*035 . 10"^ 

Po = 22412 . 1033*3 . 981 . 1*035 . 10"^ 

we find, as on p. 785, 

E = 0*861 . 10^ abs. units ; 

but in order to express potential differences in volts the preceding 
number must be multiplied by 10"^. 

Hence 

E = 0*861. 10-4 

We have therefore 


RT In = 0-861 . 10-* T In El = 0-0001983 T log“ El volt. 
P 2 P 2 P 2 


* Wied. Ann. 40 . B61 (1890). 
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Or, putting T = 273 + 18, we get 

ET In = 0-0577 logic Si volt. 

P 2 P 2 

The following measurements by Bullerdiecks ^ will give some idea 
of the magnitude of the potential differences occurring at different 
boundaries in concentration cells, as well as of the agreement of the 
above theory with observation. 


Cell. 

B.M.F. (eale.-). 

E.M.F. (obs.). 

OlKCl 0-lHGl O-OIHCI 0*01 KCl 0-lKCl 

0-0383 

0-0362 

-0-0271 +0*0380 -0*0271 +0*00031 

0*1KC1 0-lHCl 0*01K01 0*1KC1 


0*0286 

-0*02708 +0*05307 +0*00031 

0-0-263 


0*01KC1 O-OIHGI O-OOIKCI 0*01KG1 


0-0289 

0-lKGl 0*1HGI 0*01HC1 0*1KC1 


0*0203 

- 0 *02708 + 0 *0380 + 0 *00983 

0*0207 


O-OIKCI 0*01HGl 0*001HC1 0*01KG1 


0-0204 

0-lKCl 0-lLiCl O-OIKGI O.-lKCl 

0-01*265 

0-0120 

+ 0-00689 -0-01985 +0-00031 


In these cells the current flows from left to right ; as the theory 
demands, the potential difference between two solutions does not alter 
when they are diluted in the same ratio {e.g. 10 to 1). 

The Solution of Metals. — In order to account for the activity 
of galvanic elements, we will subject the current-producing process to 
a closer examination; the most important feature of this process is 
obviously the solution and precipitation of the metals of the electrode. 
And this at once leads us to the following observation. 

Metals are characterised hy only being able to go into solution positively 
charged, i.e. in the form of positive ions. 

Thus, whether, in the electrolysis of a solution of a nitrate, we 
convert the silver serving as the anode into silver nitrate, or whether 
we change zinc into zinc sulphate hy simply dipping it into sulphuric 
acid, the ions of the metals appear in solution under all circumstances, 
and then either remain free, or else unite with the negative ion of the 
salt contained in the solution, to form electrically neutral molecules. 

Thus the process of the solution of metals appears in a very 
peculiar light. We see that forces of an electrical nature play a very 
prominent part in these chemical processes. And, in fact, if we accept 
the conceptions which we have already developed (pp. 143 and 520) 
on the general process of solution, we can, by means of the views 
advanced above, explain simply and easily the electromotive activity 
of the metals. 


' Dissertation, Gdttiugen, 1903. 
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Let us, therefore, ascribe to each metal a certain solution ^^essure 
towards the toater ; for every substance must have such a pressure 
towards any selected solvent ; and, as before; we understand by this 
the expansive force, which tends to drive the molecule of the substance 
into the solution. In the case of electrically neutral molecules, this 
expansive force is held in equilibrium by the osmotic pressure of the 
saturated solution. 

But it is characteristic of the metals that those molecules which the 
solution pressure tends to drive into solution^ are positively charged. There- 
fore their solution pressure may be suitably called electrolytic.^^ 

It is now easy to examine the processes which will take place on 
dipping a metal into pure water or into any solution. 

We will first consider the case when the ions of the metal in 
question are either not at all present in the solution, or, at most, 
to only a very slight extent. It will happen that a number of ions, 
driven by the solution pressure of the metal, will pass into solution, 
with the immediate result that the solution becomes positively charged 
and the metal negatively. But these electric charges (just as we saw in 
considering the diffusion of electrolytes, p. 399) give rise to a force, 
which, on the one hand, opposes the further passage of the metallic 
ions into the solution; and, on the other hand, seeks to drive the 
metallic ions already in the solution back on to the metal. 

On account of the enormous electrostatic capacities of the ions, this 
force attains an extremely high value long before a weigbable quantity 
has passed into solution. One of two events will now happen : 

1. Either the action of the solution pressure of the metal will bo 
exactly compensated by the electrostatic charges, and a state of 
equilibrium will be established ; in this case no more of the metal 
will pass into the solution, neither will any more positive ions be 
driven out of the solution. This happens, e.g.^ when silver is dipped 
into a solution of NaCl. We should not conclude that the solution 
pressure of this metal is very small, just because the silver is not 
dissolved under these circumstances. It is much more conceivable 
that it is to be estimated in thousands of atmospheres, and that it is 
compensated in its action by the electrostatic charge of the solution 
as it comes into contact with the metal. 

2. Or the electrostatic charges may reach such an amount, as a 
result of the magnitude of the solution pressure, that the positive ions 
which are contained in solution are driven out on to the metal. We 
observe an illustration of this case, in the precipitation of one metal hy 
another ; thus, e.g., when iron is dipped into a solution of a copper 
salt, the iron ions go into the solution and the electrically equivalent 
quantity of copper ions is driven out of the solution, by electrostatic 
repulsion of the solution, and by the electrostatic attraction of the 
metal ; and thus the copper ions are precipitated upon the iron. 

Another illustration is the evolution of hydrogen (see below). 
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The foregoing considerations have received a striking confirmation by the 
researches of W. Palmaer.^ If, as shown by Fig. 57, mercury is dropped 
into a solution which contains only a few mercury ions, 
some of these ions will be deposited on each drop, because 
mercury, being a noble metal, possesses an extremely small 
solution pressure. If the drops fall into a mass of 
mercury below, their charge disappears, that is, they give 
the mercury ions back to the solution. We see then 
that where the new mercury surface is formed, that 
is, at the opening of the mercury funnel, the solution 
becomes poorer in mercury salt, whilst where the drops 
unite and there is a diminution of surface between mer- 
cury and electrolyte the solution must become richer 
in salt. It has long been noticed that a potential differ- 
ence arises between dropping mercury and still mercury ; 
I showed (see my note on contact electrici ty) ^ that th is 
arrangement may be regarded as a concentration cell, 
and Palmaer proved ex j)erimen tally that changes of 
concentration do occur in the sense expected ; this he 
demonstrated first by measurements of potential differ- 
ence as compared with small inserted mercury electrodes, and afterwards ^ 
by purely chemical means. 

The Theory of the Production of the Galvanic Current. — 

The considerations advanced in the preceding section lead directly to 
an insight into the production of galvanic currents from electrically 
active systems which depend on the use of metals. To fix our ideas, 
we will consider a particular example, namely the Daniell cell. 

Let a zinc rod be dipped in a solution of zinc salt (for example, 
ZnS 04 ), as in Fig. 58, and a copper rod in a solution of copper salt 
(CuSO^) ; then the zinc, in consequence of its greater solution pressure, 
will send out a quantity of posi- 
tive ions into the solution, whilst 
conversely, if the osmotic pressure 
P 2 of the copper ions is sufficiently 
great, copper ions will be de- 
posited on the copper rod and the 
copper will thus receive a positive 
charge. 

As long as the circuit is open, 
neither zinc ions nor copper ions 
will go over into the solution, 
because the electrolytic solution 
pressures of these metals are held 
in equilibrium by the opposing 
charges, which both the metals and the solutions have received from 

^ Zeitschr. physik. Ghem. 25 . 265 (1898). 

2 Supplement to Wied. Ann., 1896, Heft Nr. 8. ^ lUd. 28 . 257 (1899). 
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the (inappreciable) passage of ions ; and therefore no chemical change 
takes place in the cell. 

But it is diflferent when the circuit between the two poles of the 
element is closed by a conducting union ; then the reaction can advance, 
because it is possible to equalise the electric charges associated with 
the solution and the precipitation respectively, of the two metals ; and 
thus the reaction takes place in such a way, that that metal having 
the greater solution pressure drives its ions into the solution ; and 
conversely, that metal having the smaller solution pressure is pre- 
cipitated from the solution. 

In the Daniell element the zinc is dissolved, and the correspond- 
ingly equivalent quantity of copper is driven out of the solution, 
because the force tending to bring the zinc ions into solution is greater 
than that tending to bring the copper ions into solution. 

The passage of the zinc into the solution and of the copper out of 
the solution, necessarily results in a movement of positive electricity 
in the external circuit, from copper to zinc ; i.e. the ^production of a 
galvanic current ensues in the direction indicated. 

We have already seen that the osmotic pressure of the ions of a 
metal tends to oppose its solution pressure. Thus the force which 
brings the zinc ions into solution will be the smaller, the greater the 
concentration of the zinc sulphate solution; and likewise the force 
tending to separate the copper ions will be the greater, the stronger 
the concentration of the copper sulphate. Thus the electromotive 
force of the Daniell element will increase by diluting the zinc sulphate 
solution ; and it will diminish by diluting the copper sulphate solution ; 
and both of these statements are completely verified by experiment. 


The electromotive force of a Daniell cell may be expressed by means 
of the formula given below — 

RTA P, , Po' 


E 


= Anil -111 ?2V 
2 \ Pi vj 


here the small potential difference at the contact of the two electrolytes is 
neglected. 


Concentration Cells. — The above considerations lead at once to 
a very simple expression for the potential difference between the metal 
and the solution which contains a larger or a smaller amount of ions 
in question. If A is the work that can be performed by the solution 
of one electro-chemical gram equivalent of the electrode metal in the 
electrolyte considered, when the osmotic pressure of the univalent ions 
of the metal amounts to p ; then clearly, 

A = E, .... (I.) 

where E is the potential difference required. If p becomes p + dp, A 
becomes A-f-dA, and accordingly E becomes E + dE. Let us now 
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dissolve one electro-chemical gram equivalent ; then d A is equal to the 
work that must be spent if the electro-chemical equivalent is to be 
brought from pressure p -i- dp to pressure p. This amounts, therefore, 
to p . dv (where v is the volume which one electro-chemical equivalent 
assumes in the solution), hence we have 

dE = dA = p.dv= -ET^ 

P 

or, integrating, 

E = - RT In p + const. 

that is 

E = ETln?. 

P 

In this equation clearly E = 0, when P = p, hence P indicates the 
electrolytic solution pressure of the metal in question. Instead of 
using the pressure p we may use the ionic concentration c, which is 
proportional to it, and obtain 


E = RT In 


C 


( 11 .) 


where C is the concentration corresponding to the osmotic pressure P. 
In what follows we shall describe C loosely as the solution pressure. 


The equation 


A = E == const. - RT In c 


may also be derived immediately from the theory of the thermodynamic 
potential given on p. 713. 

If the ion whose solution is considered is n- valent, we have 


and accordingly 


RT dp 
n ■ p^ 


n c 


These equations, developed by mo in the year 1889, contain both 
the theory of galvanic current production and that of galvanic 
polarisation. 

We will first consider the case of two electrodes of a univalent 
metal dipping in two solutions of a salt of that metal of different con- 
centrations ; wo then have a concentration cell, for example 


H 


AgNOa 

AgNO* 

^1 

«! 




In these galvanic combinations we have three contacts of dissimilar 
conductors, and accordingly three potential differences, which may be 
separately calculated and whose sum gives the electromotive force of 
the combination. At one of the metal-electrolyte contacts we have 
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the force RT In at the contact of the two solutions, according to 
T). 794 RTln at the other contact between metal and electro- 

^ ’ u + V C2 


Q 

lyte the force RT In -- ; hence the total electromotive force of the cell 


will be 


E = ETln - + RT In - RT In ^ = - - RT In 

Cj U + V Cj U + V Og 

Assuming, for example, c^ = 0*1, Cg = 0*01 mols per litre, we get, at 
room temperature, according to p. 795, 

E = 2 . 0-522 . 0 0577 = 0*0604 volt 


=0*522, according to p. 396 

.u + V 


experiment gave 0*055 volt, 


i.e. a somewhat smaller value. Bearing in mind, however, that the 
electrolytic dissociation in the solutions used was incomplete, the theory 
gives 0*057, which is in complete agreement with the experiment. If 
two metal electrodes dip into the same solution of an indifferent 
electrolyte, and a small quantity of the ions of the electrode metal are 
added to produce concentration c^ in the first solution and Cg in the 
second, where c^ and Cg are small in comparison with the concentration 
of the indifferent electrolyte, the electromotive force of contact between 
the two electrolytes vanishes; then under these circumstances the 
current is conducted almost entirely by the indifferent electrolyte, so 
that practically no osmotic work is spent in the electrolyte, and for 
concentration cells of this typo we have the simple formula 


E = 5?'ln^. 

n c^ 

The electromotive force of such cells can occasionally become very 
large, viz. when one of the concentrations (cj or Cg) becomes extra- 
ordinarily small ; thus the electromotive force of the cell 

Ag I 0*1 AgN03 I 1*0 KCl I AgCl | Ag 

has been found 0*51 of a volt ; this relatively large electromotive force 
of a cell with two identical electrodes is due to the fact that the 
osmotic pressure of the silver ions in the solution of silver nitrate is 
considerable, but in the potassium chloride solution surrounding the 
silver chloride is excessively small ; not only on account of the very 
small solubility of silver chloride but because it is further reduced by 
the presence of chlorine ions. We can confirm this quantitatively ; 
Cl is about 0*1 gi*am-ion per litre, since the solution of silver 
nitrate was deci- normal; Cg, according to p. 576, would be 1*1 x 
10“® at 20°, if there were no potassium chloride present ; and, as the 

3 r 
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latter forms a normal solution, the solubility sinks, according to 
p. 574, to (ri X = 1*21 X 10“^®. Hence the electromotive force 

of the cell becomes 

0*058 (9 - logio 1*21) = 0*52 volt, 

which is in very good agreement with the direct measurements (0*51) ; 
bearing in mind that the electrolytic dissociation of the KCl and 
AgNOjj is not complete, the calculated value should be a trifle reduced.^ 

In the case of negative ions, such, for example, as a platinum electrode 
charged with chlorine, the potential difference is of the opposite sign, and 
in this case 

E= -RTln -i = RTln . . . (III.) 

If mercury is covered with the very slightly soluble mercurous chloride 
the passage of a current through the electrode either forms or reduces 
calomel according to its direction, in other words, ions either come out from 
the solution or enter it. Such an electrode behaves therefore electrolytically, 
as if it were made of a metallically conducting modification of chlorine, and 
ectuation III. is applicable to it. Such electrodes, which consist of a metal 
covered with one of its insoluble salts and a solution which contains the 
same anion at a concentration C^, are known as reversible electrodes of the 
second hind (p. 778), while electrodes to which equation II. is applicable are 
called reversible electrodes of the first hind. Electrodes of the second kind 
may be reduced to the first kind, as may be seen from the foregoing calcula- 
tion with the electrode Ag(AgCl). 

In a concentration cell such as 


Hg I HgCl I chloride c, \ chloride Cg | HgCl | Hg, 

the electromotive force may be determined by means of equations I. and 
III. exactly in the same ^ way as on p. 800 for concentration cells with 
electrodes of the first kind. We find in this way 


E = -^ RTln^- 
u + V c., 


For example the author found : — ^ 


Chloride. 

Cj. 

Co. 

K. 

Obs. 

Cal. 

HCl 

0-1 

0*01 

0-0926 

0-0939 

KGl 

0-1 

0*01 

0-0532 

0-0542 

LiCl 

0-1 

0*01 

0-0354 

0-0336 


^ See Goodwin, Zeitschr. physik. Chem. 13. 577 (1894). 
Zeitschr, physik. Ghem. 4. 161 (1889). 
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In the first of these three combinations the electromotive force at the 
contact of the two electrolytes adds to the total effect, in the third it reduces 
it, in the second it is almost nothing. 


Normal and Abnormal Potentials. — According to the 
equation 


^ RT, C 
E = — In 
n c 


the potential difference between the metal and electrolyte varies at 

room temperature by volt when the concentration of the 

n-valent ions of the metal is altered tenfold ; the change of electro- 
motive force is consequently small when dealing with moderate con- 
centrations, and even if the ionic concentration varies by a large 
amount the electromotive force of the combination suffers, as a rule, 
only a small percentage modification. It is otherwise of course when 
the ionic concentration is reduced by several times tenfold : then there 
are very considerable alterations in electromotive force. 

Thus, for example, silver in solutions of a silver salt of moderate 
concentration has always approximately the same potential ; if by any 
means silver ions are very completely removed from the solution the 
potential is considerably altered. This can be done in two different 
ways ; either by adding a reagent (for example a chloride) to precipitate 
the silver ions, or by adding a reagent such as potassium cyanide, 
which forms a complex salt with the silver ions and so equally 
removes them from the solution. By these two ways it is possible to 
reduce the concentration of the silver ions enormously ; accordingly it 
is found that metals in such solutions give quite different, so-called 
‘‘ anomalous ” potentials, in opposition to the “ normal ” potentials 
observed in solutions containing larger quantities of their ions. 

If a metal is dipped in a solution which originally contains no ions 
of it, the potential observed is, unlike that in the preceding cases, 
variable and uncertain ; traces of the metal in larger or smaller 
q\iantity, according to the circumstances (for example under the action 
of the atmospheric oxygen), pass into solution, and these accidental 
quantities of course give accidental potential differences. 

As an example of the great change in potential of a metal against an 
electrolyte that can be produced by precipitation, we have already mentioned 
the concentration cell with silver electrodes, which has an unusually large 
electromotive force (p. 801). If to the copper of a Daniell cell a sufficiently 
concentrated potassium cyanide solution is added, the copper ions are so 
completely taken up by it that the electromotive force of the combination' 
even changes its sign, i,e. in such a combination copper goes into solution 
and reduces the zinc. A series of further examples are given by Hittorf,^ 


^ Zeitschr, ph/ysih Ghem, 10, 693 (1892). 
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who first carefully studied cases of this kind, and by Ostwald,^ who qualita- 
tively explained those anomalies on the basis of my formula, while the 
theoretical calculation was first given by me in the first edition of this 
book (1893). 


Gas Batteries. — Platinum charged with hydrogen behaves 
electrolytically like the electrode of a metallically conducting variety 
of hydrogen ; charged with oxygen as if it were a metallically conduct- 
ing form of oxygen. If these electrodes are immersed in a solution 
of an electrolyte we have a galvanic combination of an electromotive 
force 


C Jj c^ ^ 


C^ . Cj ^ 


here C and are the solution pressures of the two electrodes, c and 
c^ the concentrations of the hydrogen ions and the doubly charged 
oxygen ions. Since in dilute aqueous solutions 

. Cj = const. 

it follows that E is independent of the nature of the dissolved sub- 
stances; at atmospheric temperature it amounts to 1*2 3. volt, a value 
which is of much importance in electro-chemical calculations (p. 786). 

The potential of a hydrogen electrode is very different in acid and 
alkaline solutions (about 0*8 volt), because the concentration of the 
hydrogen ions in the two cases is, according to p. 555, enormously 
different, and the same is of course true of the oxygen electrode. 
The above formulae allow us to foretell quantitatively these relations. 

In a similar way the theory of all gas batteries which contain 
dilute solutions of an electrolyte may be studied by means of the 
osmotic theory. It musi) be noted, however, that the solution pressure 
of an electrode charged with gas depends on the degree of saturation 
of the gas in the electrode, and naturally increases with the concentra- 
tion of the dissolved gas. 


Oxidation and Reduction Cells.— Chemically an oxidising 
material is characterised by its power of giving off oxygen, a 
reducing material by its power of giving off hydrogen. In some 
cases this power extends to the visible evolution of gas ; thus 
hydrogen peroxide gives oflf oxygen violently on a platinum surface, 
chromous solutions give off hydrogen, etc. Clearly the oxidising or 
reducing power is the greater the higher the pressure the evolution of 
gas can reach. If thus we bring platinum electrodes into solutions 
which contain an oxidising or reducing agent they will be charged 
with oxygen or hydrogen ; by combination we get a cell according to 
the scheme 

Pt I oxidising medium | indifferent solution | reducing medium | Pt, 

^ Lehrhuch der allg. Ghem. 2nd. edit, vol, ii. 
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we have, therefore, an oxyhydrogen cell, but with this difference, that 
the oxygen or hydrogen charge can be, according to the nature of the 
oxidising or reducing medium, greater or smaller than if the charge 
were immediately produced by oxygen or hydrogen at atmospheric 
pressure, as in the ordinary gas cell. In other words, the values 
and C in the formula of the previous section depend upon the nature 
of the reagents used. 

Hence it follows that (for constant charge of the platinum) the 
potential difference between each electrode and the solution depends 
on the concentration of the hydrogen or hydroxyl ions, and that if 
several oxidising agents are present at once in the solution the 
strongest determines the potential difference, that is the one which 
charges the electrode with oxygen most strongly. The same of 
course is true for the reducing materials. 

If an oxidising and a reducing material are present simultaneously 
in the solution it often, but not always, happens that chemical action 
will take place ; this must, however, happen as soon as platinum is 
brought into the solution and the charge of gas reaches sufficient 
magnitude, because oxygen and hydrogen occluded by platinum 
react violently. 

In order to calculate the dependence of the potential difference on the 
concentration of the various reagents we must write the reaction for the 
evolution of oxygen and hydrogen in each case. Thus, ferrous sulphate 
charges platinum according to the equation 

+ 1- -f ++ + 1 
Fe + H^Fe + ^H,; 

hence the hydrogen charge is proportional to the concentration of the 
ferrous and hydrogen ions directly, and inversely to that of tlie ferric ions. See 
on this point the work by Petei’s,! which is full of interesting observations. 
That a palladium electrode becomes charged with hydrogen when dipped 
into the solution of a reducing agent could be shown by the diffusion of 
hydrogen through the electrode.'-^ Ostwakl has pointed out tliat measure- 
ments of electromotive force determine the oxidising or reducing action of 
a reagent.^ 

theory of Electrolysis. — If we consider an electrolytic cell with 
two unalterable electrodes, on electrolysis the cations must be deposited 
at the cathode, the anions at the anode; if the electromotive force 
necessary for the first of these processes be called for the second eg* 
we have for the back electromotive force of polarisation 

E = €i + Cg. 

Now the cation is the more easily deposited at the cathode the 
higher its concentration and the more difficultly the more dilute it is ; 

^ Zeitschr. jyhysik. Ohem. 26 . 198 (1898). 

^ Nernst and Lessing, GCtt. Nachr., 22 Feb. 1902. 

® See Allg, Chtm, 2nd edit. p. 883, etc., Leipzig, 1893. 
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by considerations exactly similar to those on p. 801 we find that 

f, = — In — ^ 


n Co 


If we have several kinds of cations and anions present together 
in the solution, which always happens when we are dealing with 
acpieous solutions, in which besides the ions of the dissolved substance 
there is water present, the elerirolysis will begin when the electromotive 
force conveniently known as the decomposition potential^ is large enmgh 
to discharge one of the cations present and one of the anions. 

The great service involved in bringing out clearly this point, 
following on the earlier researches of Helmholtz, Berthelot, and others, 
is due to Le Blanc, ^ who investigated electrolytic decomposition in a 
very thorough manner. Le Blanc showed that the conceptions and 
formulae deduced by the author for galvanic production of current 
can be applied without change to electrolysis, and so laid the founda- 
tion for the osmotic theory of electrolysis. This investigator has 
also made many important applications of his law. 

Thus it became possible,'^ by applying different potentials, to arrive 
at a method for separating electrolytically the various metals ; it is 
clearly not the current density which primarily determines the 
electrolytic process, but the potential difference between the electrodes. 

In the following table Wilsmore^ has collected the potential 
differences of the most important electrodes from a critical summary 
of the measurements so far obtained : — 


Decomposition Potentials 


For Normal Goncentraiions 


ei (Cations) 

€2 (Anions) 

K -3-1 

1 + 0*520 

Na --2*7 

H^+O Br + 0*993 

Mg -1-482 

0 + 1-23* 

Al- 1-276 

Cl + 1-353 

Mn - 1 *075 

OH + 1 * 68 * 

Zn- 0*770 

SO 4 + P 9 

Ccl -0*420 

CH,COO + 2*5 

Pe- 0*344 

Co - 0*282 
Ni- 0*228 
Pb-0*151 

Cu + 0*329 

Hg + 0*753 

Ag + 0*77l 

HS 04 + 2*6 


J Zeitschr. physik, Chem. 8 . 299 (1891) ; 12. 333 (1892). 

Tins was first shown by M. Kiliani (1883) ; the further working out of it is due to 
II. Preudenberg, Zeitschr. physik. Chem. 12. 97 (1893), on the suggestion of Le Blanc. 

® Zeitschr. physik. Chem. 36. 291 (1900) ; see also the important sunnnary by 
Abegg, Auerbach, Luther, Ahhandl. d. Bunsenges. No. 6 (Halle, 1911). 
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These nuihbers, in accordance with the preceding formulje, refer 
to normal concentrations of the ions ; a reduction of tenfold in the 

concentration increases the numbers by — - — volt (where n = the 

number of charges or the chemical valency of the ion). The potential 
of hydrogen is taken at zero ; for there are always both anode and 
cathode, and therefore an arbitrary term to be added to, all the above 
numbers, that is, it is necessary to make an arbitrary standard of some 
one of them. The value of 0 and OH (distinguished by a star) refer 
to a concentration which is normal with respect to the hydrogen ions. In 
oi-der to discharge 0 or OH from normal concentmtion of OH the 
voltage needed is less by 0*8, in order to set free hydrogen from the 
same solution 0*8 volt more is required than in acid solution, as may 
be calculated from the concentration of the ions of water. 

A number of important conclusions may be drawn from the above 
numbers. In the first place, they yield the decomposition potentials of 
all ionic combinations. For example, zinc bromide requires for decom- 
position 0*9 9+0 *7 7=1*76 volt, if its ions are present in normal 
solution. The decomposition of hydrochloric acid requires 1 *353 + 
0 = 1*353 volt, and so on. Wo saw that it is easy to separate silver 
from copper electrolytically, because the difference between their 
solution pressures is almost half a volt ; but similarly the electrolytic 
separation of iodine from bromine and bromine from chlorine can be 
carried out satisfactorily.^ The electrolytic decomposition of silver 
iodide in normal solution would, according to the above figures, not 
only require no force but should, on the contrary, yield 0*26 of a 
volt (0*52 - 0*78 = - 0*26). Silver iodide itself, however, cannot be 
obtained in such concentrations on account of its extreme insolubility 
in water, and indeed we may conclude from the above numbers that 
at usual temperatures silver iodide to be sioible must be very insoluble, 
a conclusion which of course can very easily be generalised. 

Naturally also the above numbers give at the same time the 
electromotive force of cells combined with the electrodes in question ; 
thus the Daniell cell gives 0*770 + 0*329 = 1*099 volt. 

As a further example which gives rise to interesting speculations 
we may take the electrolysis of sulphuric acid. It is well known that 
in this case we get hydrogen at the cathode and oxygen at the anode, 
assuming of course that the electrodes are unalterable. We conclude 
from the above table that electrolysis will only take place if the 
potential difference is greater than 1*23 volt; with this potential 
difference hydrogen ions can be discharged at the cathode and doubly 
charged oxygen ions at the anode ; it is actually found that if a small 
platinum point be used as cathode and a large platinised plate as 
anode at this potential, hydrogen is evolved violently at the point, 
and 'the electrolysis can be kept up indefinitely by means of this 
^ See Specketer, Zeitschr,/. Elektrocheni, 4 . 639 (1898). 
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electromotive force. We have here the reverse of the gas battery on 
p. 804. But if a large platinum plate charged with hydrogen is used 
as cathode and opposite it a small platinum point as anode, oxygen 
bubbles do not form until the potential has reached 1*66 volt, that is 
when the decomposition potential of hydroxyl ions is exceeded and 
the electrolysis only takes place freely with still higher electromotive 
force, by means of which the SO^ ions are discharged. The doubly 
charged oxygen atoms are present in such small quantity that it is not 
possible to keep up any considerable electrolysis by their means, where- 
as hydrogen ions are abundant and consequently. can be discharged in 
large quantities as soon as the potential rises sufficiently high. The 
circumstances are more favourable in the case of the hydroxyl ions, 
whose concentration is much greater than that of the doubly charged 
oxygen ions, but in order to electrolyse freely the potential must be 
raised till both at the cathode and anode ions present in large 
quantities can be discharged. 

Preuner ^ has shown that when acetates are electrolysed, oxygen is 
evolved as long as the anode potential is kept under 2*5 volts; when 
this potential is exceeded considerable quantities of ethane and carbon 
dioxide are evolved, resulting from the discharge of the acetions (p. 806). 

In electrolysing lead salts it was ol:>served that at the cathode lead is 
precipitated, at the anode lead peroxide. According to the views ot Liebenow 
this is a case of primary electrolysis, since he supposes lead salt to be 
hydiolytically dissociated according to the equation 

++ — + 

Pb + SHgO = PbOj + 4H. 

As a matter of fact compounds like PbOgNa^, PbO^^Ca, and so on, ai’e known. 
If a solution of learl salt is electrolysed in presence of a copper salt, copper 
comes down on the cathcKle instead of lead, because copper has a much smaller 
decomposition potential ; all lead finally apj^ears at the anode in the form 
of peroxide (Luckow’s process for the electrolytic determination of lead). 
If, on the other hand, oxalic acid is added to lead salt, its negative ions are 
more easily discharged at the anode than the lead peroxide ions, so that all 
the lead ai)i)ears in metallic form on the cathoda 

+ -l- 

In the accumulator on charge, according to Liebenow’s view, Pb ions 

are deposited primarily on the cathode, PbOo ions on the anode. Although 
on account of the small solubility of lead sulphate very little of these ionic 
species are present in solution, they are continuously rej)laced by means of 
the lead sulphate on the electrode. It is only when the lead sulphate is 
used up that the sulphuric acid is electrolysed, and hydrogen appears at 
the cathode and oxygen at the anode. 

A very noticeable phenomenon was investigated by Caspari,^ who found 

^ Zeitschr. physik, Clhem, 67. 72 ( 1907 ). 

Zeitschr. f. Klektrochem. 2. 420 ( 1895 - 96 ). 

® Zeitschr, physik. Cfieni. 30. 89 ( 1899 ), 
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that visible electrolytic separation of hydrogen at a platinised plate takes 
place at a potential of practically zero (0*006 volt), but with other metals 
requires a special excess-potential. He found the values 

Au 0*02, Pt (blank) 0*09, Ag 0*15, Cu 0*23, Pd 0*48, Sn 0*63, Pb 0*64, 
Zn 0*70, Hg 0*78 volts. 

In consequence of this excess-potential, hydrogen does not appear on the 
cathode of an accumulator during charge, but lead is separated, and it is only 
when the lead sulphate is reduced and the potential consequently raised that 
gaseous hydrogen is evolved. It can therefore be shown ^ that with small 
currents lead sulphate, is much more easily reduced at a lead electrode than 
at a platinum electrode, and also that by means of electrodes with high 
excess-potentials (especially mercury and zinc) it is possible to obtain reduction 
pi*odticta that would otherwise be very difficult to prepare.’^ Apparently 
hydrogen can only give olf bubbles when the electnKles have occluded au 
appreciable amount ; in metals which occlude very little hydrogen, consider- 
able quantities of gas must fii*8t be generated by the potential l)efore any 
formation of bubbles can take place. A similar phenomenon may be 
expected in the case of other gases which can be jii’oduced electrolytically ; 
oxygen has been investigated by Coehn and Osaka ^ in this respect Nickel 
behaves in a remarkable manner in this respect, since oxygen can be evolved 
from alkaline solution in gaseous form at about 1*3 volt against hydrogen, 
whilst on platinum 1*7 is required. 

For the theory of excess-potential see the interesting study by O. Moller 
{Ann. d. Fhys. [4.] 27, p. 666, 1908). 

Chemical Application of the Osmotic Theory, - It has long 
been customary to draw chemical deductions from the galvanic 
potential series of the metals, which is given in the table (p. 806), 
and which is now seen to find quantitative expression in the solution 
pressures or the decomposition pressure so determined ; it must not, 
however, be assumed that copper is always precipitated by zinc. On 
the contrary, the ionic concentration is a second important factor, and 
the above (p. 803) experiment with the Daniell cell shows that under 
suitable conditions zinc can be reduced by copper. 

Similar conclusions may be drawn as to the decomposition potential 
of the anions ; thus it is known that bromine throws out iodine from 
solution of iodide, and the chlorine similarly precipitates bromine 
quickly and very completely (how complete the precipitation is may 
be easily calculated from the solution pressure according to principles 
already given). We have, in fact, the well-known simple reactions — 

Br2 M == Ig + 2Br ; 

Clg + 2Br - Brg + 2C1. 

We see further, that chlorine must be capable of evolving oxygen 

1 Nenist and Dolezalek, Zeitschr.f. ElektrochemUf 0. 649 (1899*1900). 
a See Tafel, Her. Dmtsch, Che^n. Ges. 33. 2209 (1900). 

® Zeitschr. an&rgan. Chem. 84 . 68 (1903). 
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from acid solution, but not so bromine or iodine. It is known, how- 
ever, that the evolution of oxygen by chlorine takes place very 
slowly, unlike the rapid deposition of bromine. by chlorine. This need 
not surprise us in view of what has gone before ; for the chlorine, in 

order to pass to the ionic state, must replace the 0 ions that are 
present in excessively small quantities, since the OH ions, which are 
more abundant, do not give up their negative charge except by means 
of a potential 0*3 volt higher than that of chlorine. 

One of the most interesting reactions is the .decomposition of water 
hy metals with formation of hydrogen ; the conditions for this process 
can easily be deduced from the foregoing considerations (p. 797). The 
electrical forces in question act not only on the ions of the metals in 
question, but also on all the positive ions present ; for example, on 
the hydrogen ions which always exist in aqueous solution. The 
separation of hydrogen ions must occur as soon as the osmotic pressure 
of the hydrogen ioris and the electrostatic attraction are sufficient to overcome 


the electrolytic solution pressure of hydrogen at atmospheric pressure, that is, 

y O C 

where the index 1 refers to the 

Cl C2 


metal and 2 to the hydrogen, and rq is the chemical valency of the 
metal in question. 

We see, therefore, that the favourable Conditions for decomposition 
of water are : — 


1. Large osmotic pressure of the hydrogen ions. 

2. Large electrostatic force, that is great solution pressure of the 
metal and small opposition pressure of the ions of this metal. 

Potassium decomposes water violently under all circumstances on 
account of its enormously great electrolytic solution pressure, for we 
can neither make the osmotic pressure of the hydrogen ions small 
enough, nor that of the potassium ions large enough to hinder the 
solution. Zinc possesses large enough solution pressure to decompose 
water in acid solution, but it is incapable of doing so when the con- 
centration of the zinc ions is sufficiently great, or that of the hydrogen 
ions sufficiently small ; for example, when zinc is dipped into a neutral 
solution of zinc sulphate. In strongly alkaline solutions it is again 
capable of decomposing water rapidly, although the concentration of the 
hydrogen ions is exceedingly small, because in this case, through forma- 
tion of zincates, the concentration of the zinc ions is very greatly reduced. 
Mercury, in spite of its small solution pressure, evolves hydrogen from 
strong hydrochloric acid because the concentration of the hydrogen 
ions is large, and that of the mercury ions very small, owing to the 
insolubility of mercurous chloride which is increased by the presence 
of considerable quantities of chlorine ions. Copper, whose ions, as 
we have already seen, are eagerly taken up by potassium cyanide, gives 
off hydrogen violently in such solution, despite its alkalinity. 
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The preceding considerations apply, of course, only to reversible formation 
of hydrogen, which, however, we can always produce when the metal in 
question is surrounded with platinum wire (best platinised) ; otherwise 
formation of hydrogen only takes place when 


Ci >€2 + »/, 

where r; is the excess-potential given on p. 809. The sponge-like electrode of 
an accumulator in moderately concentrated sulphuric acid gives oft’ no 
hydrogen, although here €^>€ 2 ', it does so as soon as it is touched with a 
platinum wire. In very concentrated acid gas is given off spontaneously, 
because the al)Ove inequality is satisfied. 


/C C 

-< the metal will be deposited, if 
V c. c« 


These considerations for the formation of hydrogen by metals 
can be at once applied to the electrolytic separation of metals. If 

hydrogen is 

-1 z . 

more easily evolved electrolytically. Hence for galvanic separation 
of metals it is necessary to make first the concentration of the metallic 
ions as large as possible, second, that of the hydrogen ions as small as 
possible. Now in aqueous solution the concentration of the hydrogen 
ions is inversely proportional to that of the hydroxyl ions ; hence 
the product of the concentration of the metallic and hydroxyl ions 
must be made as large as possible. But, according to the laws of 
solubility, a limit is set to this product by the solubility of the hydrox- 
ide of the metal \ hence the impossibility, for example, of separat- 
ing aluminium or magnesium from aqueous solution is due, not only 
to the great solution pressures of those metals, but to the insolubility 
of their hydroxides} 

Metals of too great solution pressure, as, e.g., the alkali metals, 
act spontaneously on water and hence cannot be deposited in the pure 
form, although they may be obtained as amalgams with mercury. 
A strongly negative element behaves similarly j fluorine, for example, 
causes spontaneous evolution of oxygen from water, and can only be 
obtained pure when perfectly dry hydrofluoric acid, which is made 
a conductor by means of potassium fluoride, is electrolysed (Moissan, 

1887 ). . 

At the electrodes the elements or radicals appear deprived of 
their electric charges, and their affinities, which in the ionic state 
are saturated by the electric charges, and in the undissociated state 
by the other constituent, are now unsatisfied. This leads most 
frequently to the combination of two similar ions : 2C1 gives Clg, 
2H gives Hg, 2HSO4 gives persulphuric acid H.2S20g (according to 
F. W. Kiister’s views), a case which has recently been investigated 
very thoroughly by Elbs, 2KCO3 gives, according to Hansen and 
Cons tarn, ^ potassium percarbonate KgCgOg. Many other so-called 

’ See also Glaser, Zeitschr, /. Klektrochpmie, 4. 355 (1 898). 

2 Ihid. 3. 137. 445 (1897). 
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secondary refictions, that is, chemical actions between ions deprived of 
their electrical charges, are known. The application of electrolysis to 
oxidation, reduction, chlorination, and so on, depends on these actions, 
and has recently been investigated with many important results by 
Grattermann, Elbs, Loeb, and others.^ 

The fact that no compounds such as SgOg, NgOg, etc., have been 
isolated may be perhaps explained in the same way as the non-isolation 
of fluorine in aqueous solutions ; these substances might possibly be 
obtained by working with a more stable solvent than water. 

The pressure under which the ion is given off in the gaseous form, 
or the concentration to which it dissolves, depends essentially on the 
potential with which it is electrolysed ; in other words, the active mass 
can be varied arbitrarily by applying varying electromotive force of polarisa- 
tion, We can thus cause chlorine to appear at the anode in a state of 
more than homoeopathic dilution, or under pressures which are to 
be reckoned by millions of atmospheres, and employ it chemically. It 
cannot be doubted, therefore, that, e.g.^ in organic preparations, all 
possible stages of chlorination may be reached by changes of potential. 
It is true that the current density, to which attention was formerly 
paid, changes with the potential, and is closely related to that 
quantity, but it depends also upon the form of the electrodes and 
the specific resistance of the electrolyte, and can therefore not be 
regarded as a measure of the capacity of a current to chlorinate, 
oxidise, reduce, etc. 

The principles given above have found important applications in the 
work of Haber ; ^ he showed that the reducing action of electrolytic liydrogen 
on nitrobenzene depends solel}^ on the potential at tlje cathode. Tims he 
was able to stop the reduction at the stage of azoxyhenzene by keeping 
the cathode potential constantly under a certain fixed value. Another 
application is to be found in a paper by Hony Henault,^ who oxidised 
alcohol to aldehyde quantitatively, that is, accoidiiig to Faraday’s law, by 
keeping the anode potential during electrolysis under a certain critical 
value ; otherwise acetic acid and higher products of oxidation appear. 

The Rate of Electrochemical Reaction. — Chemical decomposi- 
tion is under all circumstances proportional to the strength of current 
(Faraday’s law) ; it is often observed, however, that under certain 
conditions an electrochemical process will not proceed farther than a 
certain point, although we may try to increase the strength of the 
current by raising the potential. 

If we apply the hypothesis brought forward on p. 620 to this case, 
i,e, assume that at the electrode itself attainment of equilibrium is 
practically instantaneous, then the electrochemical process can only be 
delayed during electrolysis in two ways : 

* See also especially the collection of Loeb, ibid, 2* 293. 

® Zeitschr, f. ElektrockemU, 4 . 606 (1898). » Ibid, 0 . 583 (1900). . 



OH. viii OSMOTIC THEORY 813 

I. The substance to be acted upon reduced, oxidised, chlorinated, 

etc.) takes time to diffuse through to the electrode. 

IL The substance to be acted upon is only an intermediate product 
of a slow chemical process (taking place in a homogeneous phase). 

Which of these reasons is correct in any given case can be generally 
very easily decided by stirring, which will greatly increase the reaction 
velocity (strength of current) in the first case, and hardly at all in the 
second (p. 621). Temperature will also have a much greater influence 
in the second than in the first case. 

The rate of reduction at the cathode of the halides, for example, 
depends on their diffusion velocities, but potassium chlorate, which 
only gives up its oxygen with great difficulty at ordinary temperatures, 
is reduced at a much slower rate. 

For further examples and a quantitative treatment, see Nernst 
and Merriam,^ where references to the literature will also be found. 

Solution of Metals. — Similar considerations obviously apply to 
the solution of metals, which is evidently an electrochemical process. 
Consider, e.^., the solution of a metal of high solution pressure in acid 
solutions. The equilibrium of hydrogen evolution (p. 807) must be 
at once reached on the surface between metal and solution, ke. the 
solution of the metal and the consequent liberation of hydrogen must 
proceed at the same rate as the diffusion of the dissolved acid to the 
boundary surface. 

Experience teaches, however, that, e.g,^ pure zinc dissolves at a 
much slower rate in acids than corresponds to the mass of diffusing 
acid.2 It has been supposed that the reaction 

2H = H2 

takes place slowly in the metallic phase,^ so that although zinc, e.g, 
contains at any moment that concentration of hydrogen atoms which 
corresponds to the electromotive force, yet the formation of ordinary 
hydrogen only takes place slowly. In any case there is a close con- 
nection between these phenomena and the excess-potential (p. 809). 

Passivity. — The ignoble metals, in a state of anodic polarisation, 
often offer a much greater resistance to their solution than would bo 
expected from their position in the decomposition potential series; 
this is usually known as the “ passive state.” 

Sometimes this phenomenon occurs without polarisation, e.g.y iron 
behaves towards nitric acid as if it were a noble metal, that is to say, 
is in the passive state. The reason why some metals become passive 

^ Zeitschr, phys, Chem, 63. 236 (190.5).< 

2 See eapecialiy the investigations of Ericsoii, Auren, and W. Palraaer, Zeitschr. phya, 
Chmn. 39. 1 (1901) ; 45. 182 (1903) ; 60, 689 (1906). 

8 Tafel, Zeitschr, phys. Chein. 34. 200 (1900) ; E. Brunner, ibid, 68. 41 (1907). 
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under certain conditions is, as has been shown with certainty in a 
few cases, that the metal becomes covered during electrolysis with a 
difficultly soluble compound which obviously prevents the passage of the 
metallic ions. An example which has been especially well worked 
out^ is the anodic solution of gold in potassium cyanide. When 
sodium is present, even in small traces, the gold becomes passive ; 
when sodium is completely absent it remains active. The cause of 
this behaviour was traced to the formation of a difficultly soluble 
sodium-gold cyanide. Whether the formation of a difficultly soluble 
protecting skin may be taken as the cause of passivity in every case 
is not yet certain. For instance, the formation of a skin of oxide 
when iron becomes passive has been doubted on the grounds that the 
reflective power of the metal is not altered. On the other hand, a 
good argument in favour of the formation of a protecting skin of oxide 
in this case, is t|iat the passivity vanishes on cathodic polarisation, or 
by treatment with 1‘educing agents.^ 

Theory of Galvanic Polarisation.— A quantity of electricity 
passed through a voltameter gives changes of concentration in all 
cases ; the theory of galvanic polarisation is therefore simply that of 
concentration cells. ^ 

The changes of concentration producing electromotive force can 
consist either in a change in the concentration of the ions of the 
electrode metal or in a change in the substance occluded by the 
electrodes. We have an instance of the former in the electrolysis of 
sulphuric acid with mercury electrodes. If a quantity of electricity is 
passed through this voltameter the concentration of the mercuro-ions 
at the cathode is reduced, at the anode increased, hence we have a 
potential difference amounting to (p. 801 ) 

E= — In®J. 
n C2 

Q 

Since can be made extremely large, considerable back electro- 
^2 

motive force may be produced in such cases, and for a given quantity 
of electricity the change of concentration produced will be greater 
the smaller the concentration of the ions of the electrode metal in the 
first place. We have an instance of the second case in the electrolysis 
of sulphuric acid between platinum plates; since these are charged 
with oxygen through the air they may be regarded as (approximately) 
reversible with respect to oxygen ; and since the concentration of the 

^ Coehn and C. L. Jacobsen, Zeitschr, anorg Chem. 56. 321 (1907), 

2 See the chapter on “ Elektrochemie ” by A. Coehn in Muller-Pouillet’s Lehrhuch 
der Phynlky IV. Paragraph, “ Passivitat,” p. 611, for further details ami the literature 
of the subject. 

* See also Warburg, Wied. Ann, 38. 321 (1889). 
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oxygen ions in the electrolyte is not appreciably altered by small 
quantities of electricity, the most important concentration change is 
that in the occluded oxygen. The back electromotive force is therefore 




where c^ and Cg are the concentrations (active masses) of oxygen in the 
electrodes ; the factor ^ depends upon the fact that the oxygen mole- 
cule is electrochemically quadrivalent. 

Further details on this subject belong to the region of pure physics. 


Calculation of the Electrode Potentials from Thermal 
Data. — This calculation is a combination of the results obtained by 
applying the new theorem of thermodynamics to electromotive forces 
(see the preceding chapter) with the formulae obtained in this chapter 
by means of the osmotic theory. It will be most simple to consider 
a particular example, say the element Ag/Ig ; if and Pg are the 
solution pressures of the two electrodes and p^^ the osmotic pressure of 
an aqueous solution saturated with silver iodide, then the electromotive 
force is given both by the osmotic theory and by the thermodynamical 
theory developed on p. 787 ff. : 


RT In ^ + RT In - rt In p„2 = 

Po Po * ^ " 


T8 


23046 


It is therefore possible to calculate the characteristic solution tension 
of each electrode (to a common factor), or the electrode potential E 
when we know an additive constant ; the latter of course cancels out 
in the practical use of the numbers, because the electrode potentials 
are referred to that of one electrode ; for example, the potential of 
the hydrogen electrode is taken as zero. As the osmotic theory allows 
us to calculate the E.M.F. of any galvanic combination which contains 
only dilute aqueous solutions, we can see that this theory is extended 
by the thermodynamical considerations given above, because the 
electrode potentials which could be obtained by the osmotic theory at 
any given temperature by one measurement with the electrode in 
question, are now capable of a simple theoretical calculation ; they can, 
namely, be calculated from thermal and solubility data (see the paper 
by Bodlander referred to on p. 791). 

For the calculation of each electrode potential we only need to 
know the solubility of one difficultly soluble salt ; the solubilities of 
all other difficultly soluble salts can then be calculated. 


General Theory of Contact Electricity.^ — The general principle 

^ See my report “ tJber Beruhrungsdektrizitdt” supplement to Wied, Ann^^ 1896, 
vol. 8, where a collection of literature is to be found. 
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by moBns of which, as we have shown in this chapter, we have . 
calculated the potential differences between substances may be 
formulated as follows. We attribute to the ions the same properties 
as to electrically neutral molecules ; if we now consider any phenomenon 
which involves a change of place of molecules {thoI^cuIcit phciwiTi^tiOTi), 
then the same process applied to free ions will usually have the con- 
sequence of separating anions and cations ; this causes a potential 
difference. We may of course calculate the latter if we know the 
laws of the molecular phenomenon in question. On account of the 
enormous electrostatic capacity of the ions the quantities that are 
actually separated are too small to weigh. 

Thus, for example, the theory of diffusion of non-electrolytes (a 
molecular phenomenon) leads to the theory of potential difference 
between dilute solutions, since the general laws of diffusion are applied 
to the diffusion of electrolytes (an ionic phenomenon). The comparison 
of the solubility of ordinary substances with the solubility of metals 
leads to the much used formula for the potential difference between 
metal and electrolyte. 

A few further examples may be briefly noted. If a solution has 
different temperature in different parts the dissolved substance will 
travel along the temperature gradient, a phenomenon observed by 
Soret.^ If this molecular phenomenon be applied to the solution of 
electrolytes, and we suppose that Soret^s formula is different for the 
different ions as it is for the different species of molecules, we arrive at 
the result that there must be potential differences in a solution of 
varying temperature. 


It may easily l>e shown, as on p. 793, that in order that equal 
inasHos of positive and negative ions should move along the temperature 
gradient the equation 




dT\ 

dx/ 


must he satisfied, where T is the variable tenqierature and k' and k" 
the forws whicli, apart from osmotic action, drive the ions along the 
temperature gmdient.. The theory which van ’t Hoff 2 gave for Soret’s 
phenomenon puts k' == k" — 0, which, however, is not always true. The 
above equation can of coni-se be utilised for the case of any number of 
dissfdved substances. • (See the thorough investigation of electrolyitic 
thermo-elements, by W. Duane ® and von Poilszus.^) 


If we consider further the division of a substance between two 
solvents (p. 531), and attribute, as we may according to all analogies, 
to each of the ions a specific coefficient of dutribution between two solvents^ 


^ This was observed before Soret (1881) by Ludwig, as early as 18.56. 
* Zeitschr. phys. Ohem. 1, 487 (1887). 

=* Wkd, Ann, 66. 374 (1898). 

* Ibid, 27. 859 (1908). 
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it follows that the ions will not bo divided between the phases in 
electrically equivalent quantities, if no other foitje is added to that 
arising from the existence of coefficients of distribution. But ions in 
the interior of a homogeneous phase must be present in electrically 
equivalent quantities ; if this is to be so some other force must exist, 
and it is easily seen that it is again of an electrostatic character, that 
is, there must be in general a potential difference between two homo- 
geneous phases. Such phenomena must be found in the odiusimi of 
gases by electrodes, and in the precipUation of one metal on another^ and 
may help to explain the phenomena of polarisation as well as the 
behaviour of inconstant cells. 

The alKJve theory of contact eleclricity may l>e jij^plied without 
change to nou-conductors (for example, to the frictional electricity between 
glass and silk and the like), since, aecoiiling to onr present knowIe<Ige, these 
substances are meiely Ijad elec*trolyl<‘s ; there is, however, the difliculty that 
we know nothing of the ions in such cases. From the olwerviilions so far 
given, however, Coehn ^ has arrived at an important conclusion, that 
substances of high dielectric constant become pcfsitive by contact n'ith substances 
of lower dielectric con slant. 

It is only a short step to apply the «uno treatment to the electrons 
which we jissame on p. 444 in the explanation of metallic conduc- 
tion. If the metals are regarded as solvents conbtining positive and 
negative electrons in varying concentration, then a consideitition of the 
changes of position which they undergo in various circumstances would, 
like the ionic theories already developed, lead to a theory of potential 
difference in different metals or metals of differing tempemture. 

Conclusion. — Looking back finally on the electrochemical theories 
developed in this chapter, we may well say that the osmotic theory 
has enabled us to give in many cases a thorough explanation of the 
mechanism by which current is produced, and that we have reached a 
general solution of the problem of calculating electromotive forces 
from other phenomena which are easily observed. Assuming also the 
correctness of the thermodynamical theory developed in Chapter V., 
we can calculate from specific heats and heats of reaction the (dectro- 
motive force of those galvanic cells where oidy pure liquid or solid 
substances take part in the process which yields the cuiTent (p. 787 ff.). 
If wc now imagine any solvent brought into contact with the sub- 
stances in question, which does not alter the RM.F., then we also 
know the electromotive force of the galvanic cell made up of saturated 
solutions. The thermodynamical relations discussed in the preceding 
chapter, and the osmotic theory developed in this, enable us therefore 
to calculate the RM.F. for any concentmtion, so that we have arrived 
in fact at a general solution of the problem. 

> Wied. Ann. 04 , 217 (1898). 
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The Action of Light. — When ether vibrations pass through a 
material system, they are capable of affecting it in two essentially 
different ways. On the one hand, they raise the temperature of the 
system, their energy being partially converted into heat ; on the other 
hand, they give rise to changes of a chemical nature. 

We have already considered the first class of phenomena (p. 367), 
under the subject of the abmption of light. 

The description of the second class of phenomena will form the 
subject of this chapter. 

The ordinary absorption of light is a very general phenomenon. 
Every substance, in a way which varies largely of course with its own 
particular nature, and with the wave-length of light, can change the 
energy of the ether vibrations partially into heat; and this can be 
done completely if the layer permeated has a sufficient thickness. 

But the chemical action of lights so called, takes place only in 
exceptional cases, since it is only rarely that illumination is able to 
exert an influence on the reaction velocity of a system in process of 
change, or on the state of c(iuilibrium of a system which is in chemical 
repose. Of course it is not impossible that photo-chemical action may 
be very general ; and that it may usually be too slight to be noticed 
under the ordinary conditions of research. 

The chemical action of sunlight, such, e.g.^ as that shown in the 
bleaching process, in the production of the green colour of plants, in 
its destructive effect on certain colours of the artist, has been recognised 
from time immemorial. But only recent investigation has taught us 
that numerous compounds are sensitive to light, and has convinced 
us that in those cases we have to do with a remarkable conversion 
of ether vibrations into chemical forces, which is deserving of the 
greatest interest. 

It would take too much space to enter into the detailed enumera- 

* Seo the comprehensive lectures by Luther, Trautz, Byk, Stobbe, Schanm, Schefler, 
V. Hilbl ami Wiesner, and the resulting discussions at the 16th anniversary meeting of 
the Deutsche BunBenge.sellschaft {Zeitschr. /. Mlekirochanie^ 1908, p. 445 If.). 
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tion and description of the particular phenomena belonging here, 
and therefore we will only refer to the very complete bibliography 
prepared by Eder.^ But it should be emphasised that gases (as, 
the explosive mixture of hydrogen and chlorine), litjuuh (as, <*.<7., 
chlorine water, which gives up oxygen, under the influence of light), 
and solids (as, €,g,^ white phosphorus, which changes to the red 
modification in the light ; or cinnabar, which turns black), all respond 
to the ether vibrations. 

Also the photo-chemical process may consist both in the prodndion 
of a compound, as is the case with hydrochloric acid gas, and in 
the decornfposUion of a compound, as is seen in the decomposition of 
hydrogen phosphide, with the separation of phosphorous. 

Trautz* has recently shown that light sometimes acts as an 
auticatalyst, and that in the same reaction {e.g, oxidation of pyro- 
gallol by oxygen) one kind of light {e.g. violet light) accelerates, and 
another (e.g, red light) delays the reaction. 

The sensitiveiicts to light of organic coinpouiuls has systematically 
worked out by Ciamician and his collefigues. In a review of the whole 
material {Bull, de la Soc. Ghinu iii., iv. No. 15, j). 1) he considers the 
influence of light on oxidations and reiluctions. A wliole scries of bodies 
with alkoxyl groups react on substances containing earbonyl, the alcohol 
group being oxidised by the carbonyl oxygen. For instance, ethyl alcohol 
reacts on qninone to give aldehyde and hydrocpiinonc brisides some i|uin- 
hydrone. h>(pecially interesting are the mutual internal oxidations and 
reductions of bodies containing nitrogen: e.g. t)-nit I'obenzaldehyde go<*H 
over to o - nitrosoben/.oic acid. Other clasm's of reactions which arc 
especially influenced by light are enumerat'd by Ciamician as follows : 
autoxidations, polymerisations, and condensations, the change from the 
fumaric to the maleic type, and hydi-olysis {e.g. splitting up of cyclic 
ketones). In tliis way many reacti«»ns can Ixi carried out which take place 
with difficulty, or not at all, in the dark. Organic phot o-i'eact ions are 
catalysed to a large extent by uranium salts. (Seekamp, yinn. d. Ghciii. 
122. 113 [1862] and 133. 253 [1865].) 

Although, on the one hand, this kind of light action in photo- 
chemical processes varies greatly according to the nature of the 
system illuminated, in contrast to ordinary absorption which always 
develops heat, yet like ordinary absorption it is highly dependent 
upon the wave-length of the light used. Thus we know photo- 
chemical reactions which are mainly aiused by ultra-violet rays, or 
by the visible rays, or by the ultra -red rays of the spectrum, 
respectively ; and in all cases the intensity of the photo chemical 
action depends in the highest degree upon the wave-length of light, 

^ Ifandbuch d^ Pkolochtmie, Halle, 1906 ; Fehling’s Jlandwiirterbufh^ under 
Ckemische Wirhiingeu des Lichtes, See further M. Itoloff, Zeiiachr. phys. Cham. 
20. 337 (1898). 

« Physik. Zeitschr. 7, 899 (1906). 
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a fact which should be given proper attention in researches of 
this kind. 

From the experimental data which have been collected up to the 
present, the following empirical laws can be deduced ; they are 
partly taken from Eder’s summary. 

1. Light of every wave-length, from infra-red to ultra-violet, is 
capable of acting photo - chemically. The shorter wave-lengths are 
however by far the most active. This is especially true for reactions 
of the metalloids; the most active rays in such reactions as the 
formation of HCl, HNO 2 , SO. 2 , HI, etc. are nearly always violet or 
blue. On the other hand, the decomposition of an aqueous solution of 
sulphuretted hydrogen is most easily brought about by red light. 

2. Only those rays are active which are absorbed by the system, 
so that photochemical action is closely connected with optical 
absorption (Grotthus, 1817). It does not of course follow that optical 
absorption is always accompanied by photo chemical jiction. 

8. Not only does the absorption of the light rays, by the illumin- 
ated substance itself, play an important pirt, but also the absorption 
of light by foreign substances mixed with the principal substance, is 
importJvnt ; for the sensitiveness of the main substance for those rays 
which are absorbed by the admixed substance is increased {optical 
samiimtion). The maximum sensitiveness is however shown towards 
light of greater wave-length than that corresponding to the absorption 
maximum. 

Wliile tliirt phenomenon was originally only known Ibi* sensitive solid 
substaiiwfl, it has rea;ntly been sliown ])y F. WeigeJt that gas reactions may 
also lx* oj)tically sensitised {Ann. d. Physikj 24. p. 243, 1907). If ehlorine 
is addixl to a mixture of hydiogen and oxygen the union of these two gases 
is ])iircepti])ly aceelenited by rays which the chlorine al)soi'l)s ; the same 
holds gocxl for the, oxidation of sulphurous acid by oxygmi gas, and the 
catalytic dix’onqxwiliou of ozone. The last reaction has been more exactly 
worked out by F. Weigert, Zeiischr. f, Kleklrochemney 14. p. 591, 1908. 

4. If WO mix the optically sensitive body with a substance which 
unites with one of the prcxlucts resulting from the photo-chemical 
reaction (as oxygen, bromine, and iodine), the reaction velocity is 
accelerated because the reverse action is impossible. This may be 
also regarded as a consequence of the law of mass-action (chemical 
sensitisation). 

5. Whether the light employed acts as an oxidising or as a re- 
ducing agent depends on the nature of the sensitive substance. These 
relations become clearer when wo examine cases in which simultaneous 
oxidation and reduction is taking place, as in the above-mentioned 
experiments of Ciamician. 

C. Winthor^ pointed out that in such cases it is only the 
' Zeitschr. wisaemch. Pltoiogr. 9. 229 (1911), 
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oxidisable substance that sensitive. This can be shown with the 
help of Grotthus’ law (2). If, for example, we investigate the sensitive- 
ness of a reaction, firstly, to light which is only absorbed by the 
oxidisable substances present, and, secondly, to light absorbed by those 
compounds which are being reduced, we find that the reaction is only 
affected in the first case. This is especially noticeable when the 
absorption of the two classes of substances is widely different; for 
example, Byk^ showed that the separation of cuprous oxide from 
Fehling's solution was only affected by the ultm-violet light absorbed 
by taruric acid, and not at all by the red and yellow rays absorbed 
by the cupric ion. 

In many crises, as Roloff {Zeihehr. phystk. Chan, 13. 327 [1804]) re- 
marked, the action of light consists mainly in a transport of ionic charges. 
(See a paper by the same author quoted on p. 819.) Wiiitlier, in the ])aper 
(juoted above, attempts to explain the sensitiveness of oxidisable sul>stances 
by the loss of electrons due to a photo-electric etfect. 

Actinometry. — The action of the light upon a chemical system 
is the greater, the more intensive the ether vibrations are, upon 
which it depends. In the quantitative investigation of any selected 
photo-chemical process, we possess a meiins for mettsuring the intensity 
of the chemically active rays. 

All pieces of apparatus designed to measure tlv3 ])ho to- chemical 
intensity of light, and depending on the observation of the changes 
which arc experienced by substances sensitive to light, when under 
the influence of the ether vibration.s, are Ciilled nctinoinetcTS, As all 
the empirical laws of photo chemistry thus far discovered have ]>ceii 
ascertiiined by the aid of actinonieters, the most im|)ortiint of these 
will be enumerated in the pages immediately following. 

But first we may make a general remark on the value to bo 
placed upon conclusions as to the intensity of light, which are dniwn 
from actinometric experiments. 

The datii obtained from all kinds of acthwmeiers are of a imrely 
iadividml mil are. 

Thus it may be shown in two ways that they serve to give only a 
relative measurement of the intensity of light ; for, on the one hand, 
even when using the same kind of light, the nature and reaction 
velocity of the chemical process occasioned in each particular case, 
will vary according to the varying behaviour of the system which is 
subjected to the action of light, and, on the other hand, when light 
is used which consists of rays of very different wave-lengths, the data 
of the same actinometer will by no means be proportional to the 
intensity of light ; because the action of different kinds of light 
varies greatly according to the wave-length. 

The eye is also an actinometer, having an individual nature ; 

^ Zeitschr. physik. Chern. 49 . 680 (1904). 
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because apparently its sensitiveness to the ether vibrations depends 
upon certain photo-chemical processes which are occasioned thereby. 

The photometric measurement of light and the actinometric 
methods to bo described .below give results which are neither parallel 
with each other nor with the results obtained by the thermometric 
measurements, which used to be regarded as the absolute measure 
of radiation. 

It has been proved, however, that the results obtained by several 
actinometers are at least approximately proportional to each other. 
Although we are not justified in drawing even an approximate con- 
clusion regarding the photo -chemical activity of two light sources 
which have been studied only in an optical-physiological [visual] way, 
yet, on the whole, the “ chlorine knall-gas ” actinometer and the 
“ silver chloride ” actinometer, for example, give results which corre- 
spond with each other. 

The Chlorine Knall-gas*' Actinometer. — This depends upon the 
discovery of Gay-Lussac and Thcuiard in 1809, of the action of light 
on the combination of chlorine and hydrogen ; in strong light this 
action advances with a velocity which results in an explosion, but in 
weak liglit it progresses gradually and steadily. This actinometer was 
first constructed by Draper in 1843, but it was brought by Bunsen 
and Roscoe ^ to an improved form suited for exact measurement. The 
method consists in measuring the diminution of a volume of “ chlorine 
knall-gas ’’ (standing over water and kept at constant pressure), as a 
result of the formation of hydrochloric acid which is absorbed by the 
water. As the manipulation of this apparatus requires unusual 
patience and skill on the part of the observer, Bunsen and Roscoe 
later turned their attention to — 

The Silver-Chloride Actinometer.^ — In this the twie required to darken 
photographic paper until a definite “ normal ” shade is reached, serves 
as a measure of the light intensity. 

I'lie Mercury-Oxalate Actinometer. — A solution of mercuric chloride 
and ammonium oxalate will remain unchanged an indefinitely long 
time in the dark j but in the light, COg and mercurous chloride are 
developed in the sense 'of the equation, 

2HgCl2 + CgO, (NH,).3 = IlggCl, + 200^ + 2NH,C1. 

Either the quantity of COg set free, or else the amount of mercurous 
chloride precipitated, may serve as a measure of the intensity of light ; 
the latter gives much more exact results. 

According to Eder,® it is best to mix two litres of water containing 

' Pogg. 96 . 90 and 373 ; 100 , 43 and 481 ; 101 . 256 ; 108 . 193‘(1855- 
1869). 

“ Ibitl. 117 . 529; 124 . 353 ; 132 . 404. For the nunierou.s modifications which 
this has experienced in order to adapt it to the needs of practical photography, see 
Edor, Uandhut'h tier Plwtograph ie^ 1 . 174 ff. 

* Wiener i^itxungidier. 80 , 1897 ; Handhich, 1 . 169. 
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80 g. of ammonium oxalate, with 1 litre of water coutaiiiiiig 50 g, 
of mercuric chloride ; some of this is then poured into a beaker glass 
of about 100 C.C. capacity, which is “light tight on all sides, but 
which has an opening in its cover. As the concentration of the sensi- 
tive solution changes during the illumination, the se^mration of the 
mercurous chloride takes place with an increasing slowness, and thus 
does not directly correspond to the light energy introduced; it is 
therefore necessary to apply a correction, the amount of which can be 
taken from the table furnished by Eder. Elevation of the temperature 
is favourable to the action of light, and this must be considered in 
quantitative research. 

This apparatus is chiefly sensitive to the ultra-violet rays. 

According to C. Winther,^ the sensitiveness of the solution is con- 
nected with the presence of a small quantity of iron salts. 

Instead of mercuric oxalate, we may make use of the oxalate of iron 
or uranium in a similar way. 

The, EledrO'Gliemiml Antlnomekr, — If two silver electrodes which 
have been chloriniscd or iodised, are dipped into dilute sulphuric acid, 
then, as observed by Becquorel in 1839, an electromotive force will be 
established between them, as long as one electrode is illuminated ; Urn 
nirmit will flow in fhe solai ion from the unliijhtcd to the lighted pole. 

The strength of a current, as read by means of a sensitive galvano- 
meter, will serve to determine the intensity of light. The results 
obtained by this actinometer are approximately parallel with those 
obtained in photometric ways. The most useful form is that of 
Rigollet,^ which consists simply of two copper plates, slightly oxidised 
in the Bunsen flame, and immersed in 1 per cent solution of an alkaline 
halide, only one plate being exposed to the light. 

Photo -Chemical Extinction. — As light which is chemically 
active performs a certain amount of work, it is to be expected — other 
conditions being the same — that the light will be absorbed to a greater 
degree when it occasions or accelerates a chemical process than when 
it does not. 

In fact, Bunsen and Roscoo ^ found that light which had passed 
through a layer of chlorine kuall-gas was much more weakened in its 
chemical activity (as measured by the chlorine knall-gas photometer) 
than when it had only passed through a layer of pure chlorine of the 
same thickness, and thus had had no opportunity to form hydrochloric 
acid. In both cases the light is weakened by absorption by the chlorine ; 
the absorption occasioned by the hydrogen can be neglected. In the 
second case the weakening is due purely to optical absorption ; and 
therefore the loss of energy of the light reappears in the heat which is 

• Zeilschr. wi^mnach. Pluilngr, 7 . 409 (1909) ; 8 . 197, 237 (1910). 

« Joum. de phys. [3], 6. 520 (1897). ’ Pogg. Ann. 101 . 264 (1867). 
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developed. But in the first case, an additional fraction of the light- 
energy is consumed in performing chemical work, which thus occasions 
a stronger absorption. 

This phenomenon was called by Bunsen and Roscoe, ^^photo-chemical 
extinction'^ I it has surpassing interest for our conceptions regarding 
the mechanism of the chemical action of light. Further experimental 
investigation on this point is greatly needed, especially as recent re- 
search has failed to confirm the observations of Bunsen and Roscoe.^ 

Photo -Ghemical Induction. — Another very remarkable fact, 
for the discovery of which we are likewise indebted to the classical 
investigations of Bunsen and Roscoe, is the so-called pJwto-chemical 
induction'' j by this is meant the phenomenon when light usually 
acts very slowly at first, and attains its full activity only after a lapse 
of some time. 

Thus, with the steady illumination of a kerosene lamp the 
quantities (S) of hydrochloric acid produced in every minute (as 
measured by the displacement of the water filament in the scale tube 
of the chlorine knall-gas actinometer), are given in the following table; 
the time t denotes the minutes in order. 


t. 

8 . 

t. 

8. 

1 

0-0 

7 

14-6 

2 

1-6 

8 

29*2 

3 

0*5 

9 

31*1 

4 

0-0 

10 

30-4 

5 

0*5 

11 

32-4 

6 

2*1 




As is obvious, the action begins to be constant only after about 
nine minutes ; after this the hydrochloric acid produced is proportional 
to the product *of the time and the light intensity ; and only then does 
the actinometer become suitable for measurements. But if the actino- 
meter is afterwards allowed to remain some time in the dark, then it re- 
quires a renewed illumination, although a shorter one, in order to bring 
it again to the condition where it gives results which are proportional 
to the product of the intensity of the light and the duration of the 
illumination. If the apparatus stands as long as half an hour in 
the dark, then the influence of the preceding illumination vanishes 
completely. 

It is now certain that photo-chemical induction is a secondary 
phenomenon (see below) ; Pringsheim,^ Dixon,® and others, showed 

^ Burgess and Chapman^ Journ. Chenn, Soc. 89. 1399 (1906) ; see also Weigert, 
Zeitschr.f. EUklrochemie, 1908, p. 596. 

a Wied. Ann, 32. 384 (1887). 

® ZeUschr. phya, Chem. 42. 318 (1903). 
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that in the preceding case it depended on the formation of intermediate 
compounds, and afterwards Luther and Goldberg^ proved that the 
addition of oxygen delayed all photo-chemical reactions of chlorine — 
the oxygen being used up first, and chlorine monoxide being probably 
formed. Induction is therefore essentially due to the impurification 
of the hydrogen-chlorine mixture by oxygen. . Burgess and Chapman 
(lx.) have discussed the influence of other impurities. 

That the induction cannot be due to the formation of HCIO or 
ClgO was shown by Mellor,^ who tried without success to shorten the 
induction period by adding these substances to the mixture. 

Moreover, there is the well-known fact, that a very slight pre- 
liminary exposure to photographic plates makes their sensitiveness 
much greater ; and also, in harmony with this, that “ under-exposed ” 
plates can be strengthened by a slight subsequent exposure. It is 
highly probable that these facts must be regarded as analogous to the 
photo-chemical induction of chlorine knall-gas. Both of the facts just 
mentioned indicate that the photographic action of light is relatively 
slow in the first moments of exposure ; and that it is some time before 
the state of maximum sensitiveness is reached.^ 

The precipitation of calomel in Eder’s photometer also suffers an 
initial retardation ; the cause of this photo-chemical induction is, how- 
ever, of a secondary nature, as Eder showed ; enough calomel must be 
formed for saturation before any is precipitated. 

The Latent Light-Action of Silver Salts.^ — The so-called 
“ latent light action ” of silver salts has both great theoretical and also 
great practical interest ; it offers, in particular, much that is puzzling, 
but it has long found practical application in photography. 

All of the photographic methods, from the “ positives ” of Daguerre 
to the “collodion emulsion” and the “dry-plate” methods (which are 
almost exclusively used at present) depend on the principle that light 
is not allowed to act upon the plate until a visible picture is formed, 
but that the light action is interrupted long before this ; the image is 
then “ developed ” by suitable treatment of the plate in the dark. 

The photographic action of the light does not consist in a marked 
material change of the exposed plate, but only to such an extent that 
the different parts of the plate, having met more or less light respect- 
ively, react with correspondingly greater oi** lesser velocity in the 
subsequent treatment. The action of the developer produces visible 

^ Zeitschr. phys. Cheni. 66. 43 (1906). 

2 Trans, Chem. Soc. 81. 1292 (1902). 

3 See the researches of Abney, Eder*s Jahrbuchf 1895, pp. 123 and 149 ; Englisch, 
Arch, wiss. Phot, 1. 117 (1899). 

See, in connection with this section, the attractively written monograph, ** Chem. 
Vorgange in der Photographie,” by R. Luther, Halle (Knapp), 1899 ; further, Benr^^ 
l.c. p. 138-148, and the textbooks on Photography by Eder (Halle, 1906), and H. 
Vogel, Berlin, 1878 — enlarged, 1883. 
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changes ; a picture appears ; and the chief art of the photographer 
consists in the proper choice of the time of “exposure,” and in 
interrupting the process of development at the right moment. In 
order to preserve the picture, the remaining substance, which is 
sensitive to light, and which has not been fixed by the developer, 
must be removed (“ fixing ”). For this purpose use is commonly 
made of some suitable solvent which removes the undecomposed silver 
salt. 

A distinction must be made between physical and chemical development. 
The first found application, e,g. in the daguerreotype ; this physical 
development consists in the fact that mercury vapour is most quickly 
precipitated upon those portions of a silver plate which have been 
exposed to the light, the plate having been previously slightly iodised 
on the surface. The image is formed in the same way in the collodion 
process, as silver is separated from a solution of a silver salt containing 
reducing agents on to those parts which have been exposed to light. 
Chemical development is applied in the modern negative process, in 
which a gelatine film impregnated with silver bromide is illuminated 
and is then treated with reducing agents (aqueous solution of potassium 
ferro-oxalate, alkaline salts of amido- or polyphenols, hydroquinone, 
pyrogallol, p-amidophenol, etc.) ; the silver halide in the plate is then 
reduced to silver most quickly at the illuminated spots. The distinc- 
tion between the two methods is a purely external one, for in all cases 
the precipitation of the solid produced by developing (mercury, silver) 
takes place more rapidly in the places where the product of reaction 
of light exists, and about proportionally to the amount of this product.^ 
Only the material for depositing silver is taken from the photographic 
layer in the “chemical” process, and is added from outside in the 
“ physical.” 

Many views have been put forward as to the chemical nature of 
the latent action of light. There is no doubt that the changes that 
silver halides undergo on illumination is a reduction with formation 
of free halogen; but the nature of the reduction product is not 
in all cases known. Direct chemical investigation and isolation of 
the reduced substance, the so-called photochloride, has not been 
accomplished on account of the minute quantity formed, even on a 
strongly exposed plate. 

Under ordinary conditions of illumination of silver halide the photo- 
chemical reaction is indefinite, as the halogen set free is at an arbitrary 
potential, which depends on thickness, resistance to diffusion, moisture, and 
especially the chemical nature of the film. Luther showed first that 
sufiicient exposure, with any intensity of illumination, produces a definite 
equilibrium, ' that can he reached from either side, involving, besides the 
solid phases of unchanged and reduced silver salt, a definite halogen potential, 


^ Abegg, Arch, wUs. Phot. 1, 109 (1899). 
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increasing with the illumination. This shows that the action of light on 
the silver halides is reversible. As to the nature of the reaction product, it 
hhs not yet been established with certainty whether, as has been supposed, a 
subchloride of the formula AggCl is formed. Measurements of the potential 
of silver electrodes covered with “photochlorides” containing varying 
quantities of silver showed, in agreement with measurements of the solubility 
of the photochlorides, that probably solid solutions of silver in silver 
chloride are formed, and that the existence of AggCl is improbable. 
Reinders {Zeitschr, physik Ghem, 77. 213, 356, 677 (1911)) considers that 
there is no real solution, but that the silver is absorbed by the chloride 
(see p. 535). This would make it easier to understand the considerable 
influence of the colloidal foundation of the ordinary photographic plate 
(collodion, gelatine, albumen, etc.) on the nature of the reaction product, 
since the presence of colloids, with their large surfaces, greatly influences 
all adsorption phenomena. 

The following view has long been taken of the process of develop- 
ment. On the illuminated spots of the plates small particles of 
metallic silver are deposited by reduction, with a density increasing 
with the intensity of the light ; but always in such small quantity 
that no visible change occurs in the substance of the plate. When 
the plate is put in the developer those invisible silver particles act as 
nuclei for precipitation of silver, just as a small crystal brings about 
crystallisation in a supersaturated solution. The denser the silver 
particles at any spot the denser will be the deposit of silver during 
development. 

There is much uncertainty in the chemical theory of ordinary 
photographic preparations, which contain the silver halide in various 
binding materials, although important steps towards an explanation 
have been made by Luggin.^ 

Moreover, a further very remarkable discovery was made by 
H. W. Vogel (1878). According to this, photographic plates may 
be made much more sensitive by intermixture with slight traces of 
organic colouring substances, and the plates are usually especially 
sensitive for the kinds of light absorbed by the particular colouring 
substances {optical sensitisatim). And thus, as desired, plates may be 
prepared sensitive to yellow or red light, etc. 

A thorough investigation of this subject by E. Vogel ^ has led to 
the result that, of the eosin colours, erythrosin and di-iodofluoresce'in 
work best; and that, in general, these substances “sensitise*’ best 
which are themselves most sensitive to light. The sensitising action 
increases in a striking way with the diminution of fluorescence. 

Action of the Silent Discharge. — Chemical action takes place 
in many gaseous mixtures under the influence of rapidly alternfkting 

1 Zeitschr, phys, Ghem. 14. 385 ( 1894 ) ; 23. 577 ( 1897 ). 

2 Wied, Ann, 48, 449 ( 1891 ). 
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electrification, the so-called “ Bilent discharge ” ; for example, ammonia 
is decomposed into nitrogen and hydrogen, nitrogen and water vapour 
combine to form ammonium nitrite, acetylene is polymerised,^ etc. 

The best known of these phenomena is the ozonising of oxygen, 
which has been carefully investigated by Warburg ^ in recent times. 
He showed that to every particular kind and strength of silent dis- 
charge there corresponded a definite proportion of ozone in the 
mixture, and that this equilibrium could be reached from both sides. 
That the phenomenon was not due to electrolysis produced by the 
current, was convincingly shown by the fact that the production of 
ozone could rise to 1000 times the amount corresponding to the 
quantity of electricity sent through. The action of the silent dis- 
charge is probably somewhat complicated ; it is certainly partly of 
a photo-chemical nature, as Warburg showed for the special case of 
ozone formation, for chemically active ultra-violet rays are produced 
by the silent discharge in the gas. But besides this, “ cathodochemical 
action** certainly comes into force, for, just as cathode rays can bring 
about many reactions, so under the influence of the silent discharge, 
collisions take place between electrons and gaseous ions, and thus lead 
to chemical decompositions and combinations. ' 

The decompositions brought about by strong radium preparations 
belong to the same category ; their further examination will probably 
open up an entirely new chapter in the investigation of the tmns- 
formations of chemical energy. 

The Laws of Photo-Ohemical Reaction. — As there is no differ- 
ence but the difference in wave-length between the visible rays and 
those which are chemically active, and probably also the weaves of great 
wave-length (such as those produced by electrical agitation of the 
ether, Maxwell and Hertz) ; and as all these rays must be regarded as 
caused by the transmission of disturbances developed in the lumin- 
iferous ether, there can be no doubt that the chemically active rays 
should be refracted, reflected, and polarised, like all other rays , that 
their intensity should diminish as the reciprocal of the square of the 
distance from the point of origin (i.e. the source of light) ; and that 
if an absorbing substance is placed in the path of the rays, their 
photo-chemical action should be weakened according to the same laws 
as those for optical rays, etc, etc. The test of these laws has, in fact, 
given the anticipated results.® 

Moreover, abundant research has led to the result that when a 
photo-chemical system is illuminated, the resulting action depends 
solely on the amount of the impinging light,^ and is independent of 

1 Berthelot, O.R, 131. 772 (1900). 

a Ann, d.phys, 9. 781 (1902) ; 18. 464 (1904). 

^ See especially tlie investigations of Bunsen and Roscoe. 

■* The phenomenon of photo-chemical induction, described on p. 824, is probably only 
an apparent exception. 
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the time taken to introduce the same number of similar vibrations 
into the system. This law is usually stated in the following way : 

When light of the same kind is used, the photo-chemical action 
depends solely on the product of the intensity and the duration of 
exposure. 

Thus Bunsen and Koscoe ^ proved in the very sharpest way that 
the time required for the development of the normal colour on their 
sensitive paper was proportional to the number of light waves which 
struck the paper in a second ; by changing the cross section of the 
aperture through which the sunlight entered, it varied precisely accord- 
ing to the way indicated. A corresponding proof was given by 
Goldberg ^ for the oxidation of quinine by chromic acid. 

Chemiluminescence. — It has long been known that many 
chemical and physico-chemical processes are accompanied by an 
emission of light which is far greater than that which should 
correspond to the temperature of the system, and therefore does not 
obey Kirchhoff’s law. The crystallisation of potassium sulphate and 
many other substances is accompanied by flashes of light ; phosphorus 
becomes luminous when slowly oxidised ; many organic substances 
also become luminous when treated with oxidising agents. The 
luminescence which accompanies the simultaneous oxidation of 
pyrogallol and formaldehyde by hydrogen peroxide is especially 
fine, and very suitable for a lecture demonstration. This phenomenon 
has been recently systematically investigated by Traiitz,® and shown 
to be of a very general character. Trautz collected all the existing 
observations, and also described a number of new reactions which 
cause luminescence. His proof that the intensity of the light 
emitted is proportional to the velocity of reaction is very note- 
worthy ; in accordance with this it is found that many reactions are 
accompanied by distinct light phenomena, if care is taken to ensure 
a high velocity of reaction. 

Especially important from a theoretical point of view is the proof 
that in many cases reactions which are sensitive to light, emit light 
rays of the same wave-length as those towards which they are most 
sensitive. 

Theory of Photo -Chemical Action.— -The theories on the 
mechanism by which the energy of the vibrations of the luminiferous 
ether is applied to the performance of chemical work are at present 
only vague. When we, however, consider that, in the light of recent^ 
views, light vibrations are produced by electric agitations, it is probable 
that the chemical action of light corresponds to the formation and 

1 Pogg. Ann, 117 . 536 (1862). 

2 Zdtschr, phys, Chem, 41 . 1 (1902). 

® Ibid, 53 . 1 (1905) ; Jahrbuch der Radioaktimtdtt 4 . vol. 2 (1907). 
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decorapoeition of chemical compounds under the influence of the 
galvanic current. In this connection it is important to notice 0. 
Wiener’s proof that when stationary light waves act on silver chloride- 
collodion, it is only the electric and not the magnetic vector in the 
light which causes the photo-chemical process.^ But the principles on 
which the mathematical description of the course of a photo-chemical 
reaction depends, appear to have been discovered. They differ con- 
siderably in the most important cases from those which apply to 
reactions taking place in the dark. In order to get a useful working 
hypothesis, we must suppose that light action is of two kinds. In 
the so-called catalytic photo-reactions, as, for instance, the decomposition 
of hydrogen iodide, investigated thoroughly by M. Bodenstein,^ light 
accelerates a reaction which may also take place in the dark, though 
at a much slower rate, or only at high temperatures. Light has here 
a loosening effect. The second kind of action is reversible, and con- 
sists in the alteration of a state of equilibrium by light, which there- 
fore performs work against the chemical forces. Often both effects 
are produced at once, as in the mutual transformation of oxygen and 
ozone, where rays of a certain wave-length perform work by changing 
oxygen into ozone, while at the same time rays of another wave-length 
change the resulting ozone back into oxygen, thus working in the 
same direction as the chemical forces. Regener ^ has shown that in 
the neighbourhood of a quartz-glass mercury-vapour lamp, which is 
extremely rich in ultra-violet rays, a considerable quantity of ozone 
is present at equilibrium, while at the ordinary temperature in the 
dark, the amount of ozone present at equilibrium is immeasurably small. 
An especially good example of the displacement of an equilibrium by 
light, which is quite free from catalytic disturbances, was discovered 
by Luther and Weigert.*^ Anthracene changes under the influence 
of light into a bimolecular dianthracene, which changes back into 
anthracene in the dark very slowly at the ordinary temperature, but 
with measurable velocity at about 160° — the change being practically 
complete. W. Marckwald ^ and H. Stobbe ^ have described reversible 
transformations of solid substances under the influence of light. 

Catalytic light reactions obey the formulse of ordinary chemical 
dynamics. Experience has shown, however, that a reaction which 
takes place in certain ways in the dark can also go on in other ways 
in the light, so that although the same end products are reached in 
both cases, the reaction in light may be of a different order. An 
excellent example of this is found in tiie decomposition of hydrogen 
iodide, which has already been mentioned above. In the light this 

1 Wied, Aim. 40 . 203 ( 1890 ). 

Zeitschr, phys. Ohem, 22. 23 ( 1897 ). 

® Ann* d, phys. 20. 1038 ( 1906 ). 

Zeitschr* phya, Ohon. 61 , 297 ; 63 . 385 ( 1905 ). 

® im. 30 . 140 ( 1899 ). 

® Liebig' a Ann, 369 , 1 ( 1908 ). 
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reaction is of tHe first order, and takes place according to the equation 

HI = H + I, 

while in the dark it is of the second order, and is represented thus : 

2HI-H2 + I2. 

We mi^st assume, however, that the bimolecular reaction also takes 
place in light, besides the monomolecular, although its importance is 
insignificant. 

We arrive, therefore, at a general formulation for the reaction 
velocity by putting V equal to a sum of expressions of the kind given 
on p. 481. The velocity coefficients of all these reactions and reverse 
reactions will depend more or less on the intensity of illumination, 
and it is the fact that the degree of this dependence is different for 
the different reactions that often cause the reaction as a whole to be 
of a different order in the light. Experimental evidence suppdrts the 
obvious inference that the change caused by light of a certain kind 
in the velocity coefficients of the reactions taking place in the dark, is 
proportional to the intensity of the light. But apart from the different 
ways in which the reaction takes place, it is to be expected for purely 
optical reasons that the reaction in light can be of a different order to 
that in the dark ; for the optical and photo-chemical absorption of the 
light causes a variation in light-intensity from point to point in the 
system, so that the different velocity coefficients become functions of 
position. But the varying reaction velocities involve the further 
complication that differences in concentration are set up in the system, 
which tend .to equalise themselves by diffusion — a point which is 
especially to be remembered when dealing with the theory of liquid 
actinometers. 

The .relations are very simple when the light intensity in the 
system can be regarded as constant; when the reaction advances 
almost to completion, so that k' = 0 ; and when, finally, the reaction 
can only take place in one way. These conditions are fulfilled in 
Wittwer’s ^ researches, who investigated the velocity of the action of 
dissolved chlorine upon water, under the influence of light. In this 
special case, the above general equation reduces simply to 



where c is the concentration of the chlorine. This agrees very well 
with the observations. 

But although catalytic light reactions can be included in the general 
scheme of chemical dynamics, yet they really occupy a peculiar 
position. This is shown in the influence of temperature upon them. 

1 Pogg. Ann. 94 . 598 ( 1865 ). 
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The velocity of photochemical reactions, even when they are reversible, 
rises only slightly with the temperature, whereas that of reactions 
taking place in the dark is very highly increased.’ We cannot, there- 
fore, suppose that the action of light in a photo-chemical process is to 
loosen the combination of the atoms in the molecule, nor, in other 
words, that illumination has a similar influence to a rise in temperature 
on the reaction capacity ; rather mtist the primary effect be an action 
on the light ether, and it seems probable that the ionisation j>henomena 
described in the ninth chapter of the second book play a part in 
photo-chemical processes. 

Byk“ has devcloiHxl a mathematical theory of revei-sible light 
reactions with the help of thermodynamics, starting from the hypothesis 
“ that no transformation of. material, but only of energy, is caused by 
the intensity f)f the incident light (its energy), and that the work 
performed against chemical forces is proportional to the incident light 
(snergy.” Hyk ari-ived at the following formula for the velocity of 
formation of dianthracene from anthracene : — 


dl) 

dt 


(tKa 

v(e + RTln|^,) 


-kD, 


where I) and A are the concentrations of dianthracene and anthracene 
respectively, aEa the (puintity of light energy made chemically 
useful in one second, o the work of transformation for certain normal 
concentrations, V the total volume, k the velocity constant of the 
reivction in the dark. From this equation a series of further 
peculiarities of the process besides those jvlready mentioned can be 
deduced, Jis, for exam]>le, the influence of the strength of light upon 
the conc<;ntration of dianthraceno at equilibrium. To obtain a better 
quantitative agreement, IJyk has made the further assumption that 
a certain fraction of the radiation energy is converted into heat — 
an assumption which is perfectly legitimate from the electromagnetic 
8tandi>oint. 

Resonance phenomena probably have a gooil deal to do with the 
special kiinl of electromagnetic process taking place here. As the 
amount of accumulated energy of resonance is detemiined in the first 
place by the lefractive indices, it can l)e understood that the strongly 
refractive rays of short wave-length are the most photo-chemically 
active.** 

In agreement with this it is found that photographic plates can 
only bo mailo sensitive for light rays of long wave-length by means 
of dyes which cause anomalous disprsion, i,e, which have abnormally 
high refractive power for the long rays. 

* See the paper by GoUlbet^. referretl to on p. 829. 

« Xeihehr. /Ay*. Vhem. 62 * 464 (1908). * Byk, U p. 486. 



OH. IX 


PtiOTO-CHBlIISTET 


883 


Warburg {Ber dL R Phynk (?«. 5. 753 (1907)) and Trauta {Z$U9ehr.f. 
iomemchaftL Photographie, 6. 169 (1908)) have pointed out the necessary 
deduction from iho second law of thermodynamics that the work availaWe 
for chemical purposes is to a certain extent limited even in the most 
favourable case* If is the temperature of radiation, T the temperature 
of substance, then according to the Camot-Clausius principle only the 

fraction — jp? — of the eneigy of radiation can in any case be available for 

chemical w'ork. With the sources of light generally used, however, the 
difference of this factor from unity has only the nature of a small correction. 
There can' be no doubt that the second law of thermodynamics is applicable 
to photo-chemical processes, and yet it seems that difficulties of a peculiar 
kind are met with. If we make the assumption (which can scarcely be 
disputed) that it is possible to fill a chemical system with any (mono- 
chromatic) radiation, and that photo-chemical equilibrium is attained before 
this radiation is destroy'cd or transformed by absorption, then by considera- 
tions exactly analogous to those on p. 710 we arrive at the relation 


RT - 


where tt is the radiation pressure of the (monochromatic) radiation in question, 
and V^j the increase in volume which is pitKluced at the radiation pressure 
TT, by the luiuinescencc radiation caused by the transformation of one mol. 

This equation contains the thermodynamical foundation of TrauU’s 
theorem mentioned on p. 829 ; an experimental proof of it would be of the 
greatest interest. It is not to l)e supposed, however, that this equation 
covers all photo-chemical procesfjcs. 

How little photo chemical processes depend on the free energy of the 
reaction is shown by the discovery of Warburg {Berliner Akademieherirhte, 
1911, p. 746) that the amount of ammonia decomposed into nitrogen and 
hydrogen in unit time by light of a certain intensity is independent of the 
circumstance whether the concentration of ammonia is greater or less than 
that at equilibrium, — ie. whether the reaction is yielding or consuming 
work. 

The problem to what degree in any single case light acts with or 
against the chemical affinity still lacks a complete solution; its 
importance is liest made clear by pointing out that phoio^chemical 
processes are practically the only means by which we can store up the 
energy of the sun's radiation ^ in the form of useful work, and their 
products are the greatest objects of the “ struggle for existence.” 

' The enormous economic value of the sun’s radiation, the greater part of which is 
still turned to no account, has been recently pointed out by R. Luther In a lecture on 
the Problems (if Photo-cJuniistry (Leipzig, 1906, A. Barth). The earth receives from 
the sun constantly some 200 billion horse-power, while the horse-power of all steam and 
other engines collectively is some two million times smaller. Only about three- 
millionths of the above amount of energy is utilisecl photo-cheniically by the pUnt 
world, the remainder leaves the earth without performing any useful work. ** In face of 
this enormous amount of energy it needs no prophetic power to foretell an age of 
technical photo-mechanics and technical photo-chemistry.” 
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The struggle for existence is therefore, as Boltzmann ^ emphasised, 
not a struggle for fundamental material — the fundamental material 
of all organisms is present in excess in earth, air, and water : it is 
not even a struggle for energy itself, for quantities of energy fill our 
environment in the inconvertible form of heat; it is a struggle /or 
the free energy available for work^ which the plant world stores up from 
the sunlight, like electrical energy is stored in an accumulator. 

In the preceding chapters of this book we have beeq able to 
develop the relations between heat, electrical and chemical energy, 
and there can be no doubt that a similar thorough explanation of the 
transforrmtion of radiant energy into chemical would be a success of the 
highest importance, and a further step towaixls the goal which 
theoretical chemistry even now makes possible, of placing side by 
side and in perfect equality with the doctrine of the material changes 
of nature, so long the chief interest and incentive of the chemist, a 
doctrine of the transformations of energy, 

^ Der zioeite Jfauptsatz der mech, Wctrwe, Wien (Gerold), 1886, p. 21. Poptdiire 
Schriften^ No. 3 (Leipzig, 1906). 
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Benzene, curve of fusion, 70 
heat of evaporation, 59 
heat of fusion, 71 
specific heat, 59 
theory, 316, 341, 361 
vapour pressure of, 60, 74 
Berthelot’s equation of state, 242, 277 
Beryllium, atomic weight of, 188 
Biriiolecular reactions, 595 
Boiling-point, 63, 64, 66, 295, 332 
as corresponding temperature, 333 
elevation of, 137, 284 
regularities of, 362 
of colloidal solutions, 454 
of solutions, 137 

Boyle’s law, 38, 53, 144, 199, 210 
Brownian movement, 208, 469 

Cadmium cell, 771 
Calcium carbide, formation of, 515 
carbonate, dissociation of, 608, 760 
Calomel electrode, 802 
Calorie, 11 
Calorimetry, 636 
Cane sugar, inversion of, 589 
Carl)on, heat of combustion of, 640, 746 
Carbon compounds, 310 If. 
boiling-points of, 362 
constitution of, 313 
heat of combustion, 349, 637, 641 
inertia of, 312 
melting-points, 359 
optical activity of, 363 
refractive power of, 334 
sensitiveness to light of, 819 
stereochemistry of, 310, 318 
Carbon dioxide, dissociation of, 729, 745 
isotherms of, 216 
solubility of, 699 
solutions of, 249 

Carbon monoxide and steam, reaction 

730 

Catalysis, 690, 693, 616, 726, 737, 792, 
819 

Centre of symmetry, 79 
Characteristic equations, 221 
(van der Waals’), 212 ff. 

Chemical constants, 756 
equivalence, 770 
forces, 303 
kinetics, law of, 478 
resistance, 719 
Chemiluminescence, 829 
Chromophore, 371 
Clark cell, 771, 789 
Cleavage, 92 

Coexistence of liquid and vapour, 225 
Cold-hot tube, 722 
Colligative properties, 876 
Colloidal solutions of metals, 460, 617 
molecules, size of, 465 


Colloids, 462 ff. 

conductivity of, 461 
Colour, 369, 380, 423, 640 
and dissociation, 380 
of salt solutions, 423 
Combining weight, 32, 167 
Combustion, propagation of, in gases, 720, 
731 

Complete equilibrium, 509, 649 ff., 673 
Complex ions, 408, 577, 582 
Compound, chemical, 29 
Compressibility, of elements, 189, 264 
of gases, 52, 215 
of liquids, 224 
laws of, 63 

Concentrated solutions, ideal, 161, 249 
Concentration cell, 799 
effect on potential, 803 
Condensed systems, 674 
Conduction, electrolytic, 768 
of heat, 206, 264 
Conductivity, electrical, 390, 768 
of alloys^ 442 
of colloids, 461 
in gases, 432 
molecular, 391 ff. 
of weak acids, 550 
Conservation of energy, 8 
Constant boiling-point of mixtures, 110 
heat sumn\ation, law of, 632, 740 
and multiple proportions, law of, 30 
Constitution of molecule, 302 
methods for determining the, 313 
Constitutive properties, 376 
Contact electricity, general theory of, 815 
potential, 794, 815 
Copper sulphate, hydrates of, 614 
Corresponding states, 222, 227 ff. 

Critical coefRcieut, 357 
data, 65, 220, 233, 332, 356 
density, 233, 332 
phenomena, 65 
Critical point, 219 
of mixtures, 116, 630 
opalescence at the, 209 
Cryohydrates, 123, 609, 688 
Crystal form, 85, 371 
Crystalline indices, 74 
state, 73 
systems, 80 
Crystallisation, 538 

and molecular theory, 708 
separation by, 139, 142 
velocity of, 623, 709 
Crystallography, 73 
Crystals, liquid, 678 
growth of, 86 
optical properties of, 88 
physical properties of, 87, 91 
properties of mixed, 119 
fiolubility of, 86, 708 
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Crystals, symmetry of, 79 
twinning of, 86 
Current, production of, 770 
Cyclic process, 18, 22 

Daniell cell, 18, 771, 775, 779, 798, 803, 
807 

Decomposition potentials, 806 
Degrees of freedom, 203 
Density of gases, 37, 41, 269 
of liquids, 330 
of molecules, 467 
of salt solutions, 418 
of solids, 333 
Depolarisers, 778 
Devitrification, 624 
Dialysis, 459 

Diamond and graphite, stability of, 633, 
677 

Dianthracene, formation of, in light, 830 
Dielectric constant, 344, 466, 817 
and dissociation, 406, 504 
Diffusion, 153, 204, 621 
coefficient, 153, 401 
of colloids, 292, 405 
of electrolytes, 398 
of gases, 103, 205 
of gas ions, 435 
in jellies, 458 
of liquids, 247 * 

of metals, 441 
in solids, 164 

Dilution, maximal work of, 126 
Disintegration of the elements, 446 
Dispersion, 342 

Dissociating force of vsolvents, 291, 406 
substance, vapour density of, 274 
Dissociation, 378 
of acids and bases, 563 
of esters, 495 
of gases, 487 ff. 
of solids, 512 ff., 696 
constant, 545, 565 
degree of, of salts, 392, 396 
electrolytic, 386, 398, 544 ff., 642, 702 
heat of, 696 ff. 

hydrolytic, 385, 555, 566, 580 
phenomena, frequency of, 491 
pressure, 510 

pressure of carbonates, 761 
in solution, 383, 600, 698, 702 
in stages, 547 
Distillation, fractional, 109 
Distribution, of a base between acids, 557 
of electrolytes between water and a 
second phase, 585 

of hydrochloric acid between alkaloids, 
497 

law of, 527, 531 

between two solvents, 151, 290, 531, 585 
Double bond, 339, 349, 355 


Double bond, decomposition, 683 
salts, 582, 681 
Dropping electrode, 798 
Dualistic and unitary view, 306, 438 
Dyeing, theory of, 369, 540 
Dystetic mixture, 124 

Effusion, 379 
Elasticity of crystals, 91 
of elements, 263 

Electrical charge on the ion, 437, 470 
double refraction, 347 
energy and heat of reaction, 774 ff. 
work, 773 

Electrochemical action, rate of, 812‘ 
actinometer, 823 
equivalent, 770 
reactions, 772 
Electrochemistry, 767 
Electrode potential, calculation of, 815 
Electrode, reversible, 777 
Electrolysis, laws of, 769 
theory of, 769, 805 
Electrolytes with a common ion, 550 
Electrolytic conduction, 768, 792 
dissociation, 386 ff., 408, 644, 693, 711 
character of, 385 
and chemical nature, 546 
of solvents, 406, 555, 704 
Electromotive force, 762, 780 
of accumulators, 784 
and chemical equilibrium, 785 
calculation of, 762, 773 ff., 782, 786, 799 
of concentration cells, 794, 801 
and free energy, 774 ff. 
and pressure, 786 
Electrons, 429 
action of, on gases, 431 
on electrolytes, 772 
mass of, 431 

Electrostriction, 420, 444 
Elements, 7, 32 
disintegration of, 446 
melting-points o^ 185 
positive and negative, 429 
properties of, 185 
spectra of, 189 
time constant of, 448 
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Emanation of radium, 450 
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Endothermic cells, 781 
reactions, 743 

reactions at high temperatures, 704 
Energy of a gas, 42 
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of formation, 742 
indestructibility of, 7 
measurement of, 10 
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Entropy, 27, 208 

Equation of condition, 221, 242, 765 
Equations of motion, 12 
Equilibria, calculation of, from explosions, 
726 

Equilibrium, chemical, 476, 624, 709, 753 
calculation of, 765 
conditions of, 27 
constant, 481, 688 
constant and temperature, 709, 738 
determination of, at high temperatures, 
723 

and dissociation constants, 499 
>>etween electrolytes, 563 
and electromotive force, 785 
in gases, 753 
heterogeneous, 650, 765 
between liquid and solid solutions, 530 
principle of mobile, 710 
in solids, 505 
in solutions, 496, 522, 763 
Esterification, 476, 492 k 
in benzene, 601 
Esters, boiling-points of, 63 
dissociation of, 495 
saponification of, 696 ff., 609 
Ethyl acetate, heat of formation, 642 
iodide and triethylamine, velocity of 
reaction of, 614 

Ethylene, pressure and volume of, 213 
union, the, 339, 349, 355 
Eutectic mixtures, 122, 664 
Evaporation, 214, 694 
of mixtures, 108 

separation of dissolved substance by, 
137 

separation of solvent by, 134 
Excess of dissociation products, effect of, 
484 ff. 

potential, 809, 811 
Expansion of a gas, 19 
Explosions, 720, 726, 731 
Explosive antimony, 97 
Explosives, liqiiid and solid, 734 

Ferment reactions, 618 
Ferments, inorganic, 618 
Ferric chloride and water, 661 
Ferrocyanide membrane, 129 
Flames, conductivity in, 433 
Pluor-benzene, specific volume of, 228 
Fluorescence, 371, 426, 827 
Free energy, 26, 27, 86, 742 
Freezing mixtures, 123 
point, depression of, 148, 166, 279, 282 
of colloidal solutions, 454 
of dilute solutions, 281, 537 
Frictional resistance of ions, 393, 404 
to diffusion, 154 
to a moving particle, 13 
Fusible alloys, 123 


Galvanic cells, 770, 791 
temperature co-efficient of, 779 
Gas batteries, 804 
constant, 40, 795 
Gaseous laws, deviation from, 210 
Gases, 37 

at high pressures, 52, 210 
boiling-points of, 296 
density of, 37, 41, 269 
dissociation of, 377, 487, 699 
equilibrium in, 482, 723, 763 
evolution of, from solids, 512 f, 
expansion of, 38 
heat content of, 236, 265 
heat of solution of, 699 
kinetic theory of, 198, 266 
laws of, 38 

molecular refraction of, 339 
heats of, 43, 201 
weight of, 269 
reaction capacity of, 722 
reactions, optical sensitisation of, 820 
spectra of, 190 

tWinodynamics of, 44, 50, 53 
Gas ions, 431 ff. 
condensation by, 437 
number of molecules in, 435 
Gas mixtures, 98 
Gay-Lussac’s law, 39 
Gelatination, 457 
Geometrical isomerism, 321 
Gold, diffusion in lead, 165 
leaf, thinness of, 464 
Graphical method (Clapeyron’s), 21 

Htemoglobin, 737 
Heat capacity, 42 
of adsorption, 126 
of combination of solids, 636 
of combustion, 349, 637, 641 
of dilution, 145, 162, 638 
of dissociation of acids, 702 
of dissociation of gases, 696, 699 
of dissociation in solution, 698 
of evaporation, 67, 237, 293, 695 
of explosion, 734 
of formation, 639, 641 
of hydration, 697, 752 
of mixture, 103 

of neutralisation, 554, 630, 643 
of reaction, 628, 755 
of reaction and temperature, 634, 742 
of reaction and thermal capacity, 634 
of solution, 637, 639, 646, 696, 698 
of sublimation, 71, 696 
of transition, 95, 638 
unit of, 10 

Heat evolved from radium, 446 
transfer of, 19 

Helium, production of, by radium, 446 
Heterogeneity, 477 
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Heterogeneous equilibrium, 607 ff. 

systems, kinetics of, 619 - 
Homogeneity of crystals, 73 
Homogeneous equilibrium, 556 
systems, 477 
Hydrate theory, 412 
Hydrated salts, melting of, 681 
Hydrates, dissociation of, 514, 752 
of chromium chloride, isomerism of, 410 
of copper sulphate, dissociation of, 614 
of ferric chloride, solubility of, 661 
solubility of, 522 

Hydriodic acid, action of light on, 830 
formation of, 484 
heat of formation of, 759 
Hydrocyanic acid, tautomerism of, 612 
volatility of, 585 
Hydro-diffusion, 153 

Hydrogen, deviation from Boyle’s law, 
213 

diffusion of, through metals, 164 
electrode, 804 

evolution of, from metals, 797 
heat of combustion, 640 
ions, acid property, 564 
ions catalytic effect of, 691 
spectrum of, 191 

Hydrolysis of salts, 386, 555, 666, 580 
Hydroxides, insolubility of, 811 
Hydroxyl, anomalous dispersion of, 343 
ion, basic properties of, 564 
* ion, catalytic effects of, 699 f. 

Ice, effect of pressure on melting-point of, 
69 

Ideal concentrated solutions, 161, 249 
gases, 206 

Ignition temperature, 721 
of gases by compression, 731 
Incomplete equilibrium, 509 
thermodynamics of, 687 
Incomplete reactions, 608 
Indestructibility of energy, 7 
of matter, 6 
Index ellipsoid, 90 
Indicators, theory of, 669 
sensitiveness of, 572 

Indifferent gases, influence of, on equili- 
brium, 489 

Indium, chlorides of, 309 
Intramolecular action, principle of, 314 
Internal friction, 57, 204, 361 
pressure of liquids, 250 
salt, 412 

Inversion of cane sugars, 689 
Ion and electron, 429 
Ionic mobility, 396, 425, 433 
mobility and temperature co- efficient, 
397 

reactions, 581 f. 
velocities, 401 


Ions, 386, 767 
absolute charge of, 437, 470 
atomic volumes of, 415 
complex, 408, 577, 682 
diffusion of, 399, 435, 794 
electros trictioii by, 420, 444 
friction of the, 393 
in gases, 431 ff. 
hydration of, 412 
migration of, 387 

partition of, between solvents, 816 
reactivity of, 544 

with positive and negative charges, 412 
Iron and water, reaction between, 518 
Isochore of reaction, 688, 706 
Isoiiimorphism, 118, 177 
Isohydric solutions, 562 
Isomeric ions, 426 
Isomerism, 94, 301 
geometrical, 321 
optical, 319 

Isomers, boiling-point of, 366 
numl>er of, 314, 318 
Isomorphism, 172 ff. 
of elements, 188 

Isomorphous mixtures, 117, 176, 639 
thermodynamics of, 124 
Is-osmotic solutions, 130 
Isotherm of a condensing vapour, 216 
of dissociation, 488 
of reaction, 688 

Isothermal distillation. 111, 164 
process, 18, 23 
Isotherraals, 216, 224 
Isotropic bodies, 73 

Joule-Thomson effect, 239, 244 

Kilogram meter, 10 
Kinetic energy of molecules, 198 
equilibrium, 624 
theory, 197, 207 
theory of liquids, 213 
of mixtures, 245 
of the solid state, 262 ff. 
of solutions, 246 
Kinetics, chemical, 687 

Lactone, formation of, 610 
Latent heat, 23, 294, 638, 774 
heat of evaporation, 237, 293 
light action, 826 

Law of distribution. Maxwell’s, 206 
of zones, 76 

Lead salts, electrolysis of, 808 
Light, chemical action of, 818. See 
Photo-chemistry 
Line spectra, 190 
Liquefaction of gases, 241 
Liquid crystals, 678 
mixtures, 102 
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Liquid mixture®, thermodynamics of, 111 
Liquids, 66 
heat content of, 236 
kinetic theory of, 218 
molecular weight of, 293 
Litre-atmosphere, 12 
Luminescence, 189 

Magnetic rotation of polarised light, 347 
Magnetism, 348 
crystal, 88 
Manocryoineter, 70 
Mass-action, application of law of, 578 
law of, 478 flf.; 692 
Maximal work, 19, 24, 45, 126, 691 
principle of, 740 
Mean free path, 204, 248, 467 
Mechanical equivalent of heat, 7, 12 
Medium, influence on velocity of reaction, 
614 

Melting curves, detection of compounds 
by, 665 

Melting-point, 69, 262, 357, 676 
of alloys, 442 
eflfect of pressure on, 69 
of elements, 185, 262 
of hydrates, 681 
of mixtures, 120 
Mercury, conductivity of, 391 
electrodes, 798 
vapour pressure, 64 
vapour, specific heats of, 202 
Metal ammonia compounds, 408, 514 
Metallic conduction, 440, 768 
solutions, 441 
Metals, 440 

colloidal solutions of, 460 
* decomposition of water by, 810 
diffusion of, 441 
electrolytic separation of, 811 
precipitation of, 797, 817 
solution of, 796, 813 
spectra of, 193 
Metals and metalloids, 181 
Metalloids, spectra of, 195 
Metamerism, 303 
Methyl orange, 570 
formation of, 607 
Migration of ions, 387, 892, 397 
Milk sugar, multirotation of, 611 
Miscibility of crystals, 176 
liquids, 530 

Mixed acids, dissociation of, 551 
Mixed crystals, 119, 164, 172, 176, 637 
Mixtures, liquid, 102 
of constant boiling-point, 110 
fusion and solidification of, 120 
kinetic theory of, 246 
refractive power of, 106 
thermodynamics of. Ill 
vapour pressure of, 107, 528 


Mobile equilibrium, principle of, 710 
Mobility of ions, 396, 426 
of gas ions, 433 

of ions, and periodic system, 425 
Modulus of density for ions, 420 
of refractive power for ions, 423 
Molecular attraction, 211 
compounds, 309 
Werner’s theory of, 310, 408 
conductivity, 391, 395 
dispersion, 342 
heat, 42, 202 
of solids, 170, 257 f. 
hypothesis, 30 

lowering of freezing-point, 148 
refraction, 336, 338 
and dielectric constant, 346 
state of dissolved bodies, 162, 604 
structure of physical properties, 329 
surface energy, 296 
volume, 220, 330 
Molecular weight, 39, 269 
of colloids, 292, 463 
determination, 269 ff., 278, 292 
of gases, 269 

and heat of evaporation, 294 
of liquids, 293 

in metallic solutions, 440, 783 
and osmotic pressure, 278 
of solids, 299 
and surface tension, 296 
Molecules, 169 
absolute size of, 154, 464 
attraction of, 211 
constitution of, 302 
density of, 467 
energy of, 198 
length of free path of, 205 
number in a cubic centimetre of gas, 
468 ff. 

space occupied by, 465 
velocity of, 200 
volume of, 220, 330 
Molten salts, dissociation of, 408 
Multimolecular reactions, 603 
Multirotation of milk sugar, 611 
Mutual solubility of liquids, 530 

Neutral elements, 181 
Neutralisation, 564 
heat of, 630, 643 
Neutrality of carbon, 312 
Neutral salt effect, 691, 598 
Neutron, 430 

Nitric oxide, formation of, 769 
Nitrile and isonitrile, 317 
Nitrobenzene, reduction of, 812 
Nitrogen, stereochemistry of, 323 
Nitrogen dioxide, dissociation of, 380, 488, 
760 

Non-aqueous solutions, 406 
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Noii-reversible processes, 716 
Nuclei of crystallisation, 623, 708 
Number of reacting molecules, 604 

Occlusion of gases, 817 
Ohm’s law, 5, 14, 393, 719, 769 
One-sided properties, 107 
Optical isomerism, 319, 363 
properties of colloidal solutions, 466 
rotatory power. See Rotation 
sensitisation, 820, 827 
Optically active crystals, 88 
Optic axis, 90 

Organisms, action on optical isomers, 365 
Osmotic pressure, 127, 143, 278 
and chemical action, 602 
of colloids, 453 
and gas pressure, 146 
and heat of dilution, 145 
and hydrodiffusion, 153 
kinetic explanation of, 246 
laws of, 143 
of mixtures, 154 
in solids, 164 

of strong solutions, 132, 143, 167, 249 
. and solvent, 291 
and temperature, 144 
theory of, 156 

Osmotic theory of current production, 
798 

chemical application of, 809 
Osmotic work, 161 
Oxidation, spoutanoous, 735 
Oxidation cells, 804 
Oxides, composition of, 180 
Oxygen, atomic refraction of, 339 
atomic weight of, 32 
reactivity of, 735 
Oxyhydrogen cells, 762, 785 
Ozone, formation of, by the silent discharge, 
828 

Palladium, permeability of, 101 
Paranitrophenol, 670 
Partial pressure, 58, 107 
Partition, law oh JSee Distribution 
Passivity, 813 
Periodic system, 177 AT. 

Period of half-decay, 449 
Permanganates, absorption spectra of, 424 
Perpetuum mobile, 15 
Phase, influence of extent of, 708 
rule, 649 
Phases, 507 

law of equilibrium between, 707 
Phenol and water, mutual solubility, 290 
Phenolphthalein, 570, 572 
Photo-chemical absorption, 820 
extinction, 823 
induction, 824 
reactions, laws of, 828 


Photo-chemical reactions, theory of, 829 
reactions and temperature, 832 
Photography, 825 
theory of, 827 

Physical methods in analysis, use of, 497 
Physical mixtures, 29, 98 
Picric acid, in water and benzene, 685 
Piezo-electricity, 92 
Plane of symmetry, 79 
Plasmolysis, 131 
Platin-aminonia compounds, 409 
Poisons to inorganic ferments, 618 
Polarisation, galvanic, 769, 781, 814 
theory of, 814 

Polarisation of light by crystals, 89 
Polari-strobometer, 362 
Polonium, 444 
Polymerisation, 165, 295 
of solvents, 407 
Polymorphism, 94, 299 
Positive and negative elements, 429 
Potassium chloride, conductivity of, 391 
osmotic pressure of, 161 
Potential, 13 
anomalous, 803 
decomposition, 806 
excesws, 809 
thermodynamic, 713 

Precipitates, carrying down of salts by, 
541 

formation and solution of, 683 
Precipitation of colloids, 460 
of metals, 797, 817 
of silver chloride, 584 
Pressure, elfect on equilibrium of, 484, 
709 

effect of non-uniform, 712 
Prout’s hypothesis, 182 
Pseudo-acids, 613 
Pyro-electricity, 92 

Quantum theory, 256 

Racemates, formation of, 365, 682 
Racemic acid, 364 
Radiation formula, 257, 469 
Radicals, atomic, 305 
Radioactive equilibrium, 460 
Radioactivity and the atomic conception, 
451 

theory of, 447 
Radium, 444 
emanation, 450 

Ratio of speciflc heats, 48, 202 
Rationality of compound ratios, 77 
of indices, 76 

Reaction, constant, 587, 688, 692 
determination of the course of a, 607 
isochore, integration of, 706 
isotherm and isochore, 688 
Reaction velocity. See Velocity 



842 


THEORETICAL CHEMISTRY 


Reactions, practically irreversible, 716 
reversible, 608, 716, 743 
Rectilinear diameter, law of, 229 
Reduced characteristic equation, 221 
Reduction cells, 804 
electrolytib, 812 
Refractive power, 334 
of mixtures, 105 
of salt solutions, 422 
Refractometer (Pulfrich), 334 
Reversible cells, 776 
electrodes, 777 
processes, 17 
reactions, 608, 716, 743 
Ring compounds, 316, 321 
Rotation of polarised light, 347, 361, 425 
Rotatory power of alkaloids, 499 
Ruby glass, size of gold particles in, 466 

Sal-ammoniac, action of lime on, 519 
Saponification of esters, 555, 595, 599 
by pure water, 602 
Saturated layer round solids, 620 
Saturation pressure, 215 
Semi-permeable partitions, 99, 101, 129 
use of, at high temperatures, 726 
Sensitisation, 827 
Separation, electrolytic, 806 
Silent discharge, action of, 827 
Silver bromate, solubility of, 675 
chloride, heat of precipitation of, 646, 
698 

chloride, solubility of, 584, 698, 801 
nitrate concentration cell, 801 
salts, action of light on, 825 
Sodium sulphate, transition of, 681, 686 
Solid solutions, 164, 540 
Solids, 57, 68, 266 
active mass of, 578 
density of, 333 
equilibrium in, 505 
kinetic theory of, 262 ff. 
molecular weight of, 299 
refractive index of, 335 
solubility of, 520, 578, 697 
vapour pressure of, 71 
Solubility, 520, 673 
coefficient, 526 
in compressed gases, 522 
of hydrates, 622 

influence of size of crystals on, 708 
of liquids, mutual, 530 
lowering of, 147, 289 
mutual influence of salts on, 573, 578 
product, 577 
selective, 130, 133, 138 
of solids, 520, 678, 697 
and temperature, 697 
at transition point, 683 
Solution, 30 
of gases, 150 


Solution of metals in acid, 621, 796, 
810 

pressure, 142, 620, 797 
rate of, 620 

Solutions, concentrated, 249 
electromotive force between, 799 
equilibrium in, 496, 522, 763 
freezing of, 537, 704 
internal pressure of, 250 
kinetic theory of, 246 
Solvent, active mass of the, 505, 693 
dissociation of the, 565 
influence of the, 290, 503, 521, 614 
nature of, 151 

participation of, in reactions, 504 
Sound, velocity of, 49 
Speciflc gravities, 331 
refraction, 337 

Specific volume, ‘103, 221, 330 
of crystals, 119 

Specific heat, 9, 30, 170, 253 if., 747 
and dissociation, 380 
of elements, 169 ff., 253 ff. 
of gases, 42 ff., 172, 201, 245, 265, 380 
at low temperatures, 264, 7 48 
ratio of, 48, 202 
of solutions, 251 
of water, 251 
Spectra absorption, 424 
of elements, 189 

Sphere of action of molecular forces, 464 
Spontaneous crystallisation, 708 
Standard cell, 771 
Steam, specific volume of, 60 
Stereochemistry, 310, 318 
of inorganic compounds, 325 
of nitrogen, 323 
of other elements, 326 
Streaming method, the, 723 
Strength of acids and bases, 563 
Strong electrolytes, dissociation of, 646 
law of mass-action applied to, 578 
Sublimation, 71» 512 
and dissociation, 519 
heat of, 71, 696 

Substitution, effect of, on boiling-point, 
352 

Succinic acid, solubility of, 697 
Sulphur dioxide, catalytic oxidation of, 
616 

critical point, 67 
and water, 666 
Sulphur, dissociation of, 491 
transition of, 96, 676, 760 
Sulphuretted hydrogen, formation of, 594 
Sulphuric acid solutions, 162 
electrolysis of, 807 
Surface energy, 296 
tension, 57, 296 
tension and equilibrium, 708 
Symmetry, 74, 79 
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Tartaric acids, rotation of, 364 
Tautomerism, 612 

Temperature and electromotive force, 

779 flf. 

Temperature, effect on heat of reaction, 
634 

effect on velocity of reaction 715 ff. 
influence on equilibrium, 709, 738 
Thallous chloride, solubility of, 675 
Thermal analysis, 665 
conductivity, 204, 264, 381 
expansion, 259, 267 
Thermodynamic classification, 34 
equilibrium, 27 

Thermodynamic potential, 22, 713 
Thermodynamics, a new theorem of, 746 ff. 

laws of, 7, 11, 16, 22, 35, 44, 62, 767 
Thermoelectric forces in alloys, 442 
Thermometer, air, theory of, 244 
Beckmann, 281 

Thermo-neutrality, law of, 642 
Thomson’s rule, 775 
Time constant of elements, the, 448 
Tin, transition of, 677 
Transition point, 652, 673 
Transition temperature, 95, 673, 681 
calculation of, 749 
determination of, 685 
effect of pressure on, 676 
Transport numbers, 395 
Trimolecular reactions, 603 
Triple bond, 312, 339, 349 
point, 656 

Trouton’s rule, 296, 756 
Twin elements, 182 
Twinning of crystals, 86 
Typical reactions, 581 

Ultraflltration, 469 
Undercooling, 71, 96, 124, 358, 623 
Unilateral absorption of light, 368 
Unimolecular reactions, 589, 593, 595 
Unstable compounds in organic chemistry, 
719 

Unsymmetrical carbon compounds, 320, 
363 

Uranium, decay of, 449 
Urea, formation of, 611 

Valencies, partial, 316 
Valency, 306 
variability of, 307 

Vaporisation, 67, 694 (see heat of evapora- 
tion) 

Vapour density, abnormal, 377 
determination of, 270 ff. 
at reduced pressure, 276 
. at high temperatures, 273 
Vapour pressure, 57 
of concentrated solutions, 159 


Vapour pressure curve, 61, 234, 664 
of mixtures, 107, 528 
of small drops, 708 
of solids, 71 . 
of solutions, 135, 525 
of solvent and active mass, 693 
at transition point, 683 
Vapour pressure, lowering of, 116, 136, 
144, 283, 527 
Velocity of explosion, 732 
of ions, 401 
of reaction, 478, 587 ff. 
of tautomeric change, 612 
of transition, 719 

Velocity of reaction and heat of reaction, 
718 

and temperature, 478, 620, 716 
Viscosity, of gases, 206 
and rate of reaction, 615 
Volatile substances, boiling-points of solu- 
tions of, 288 
Volta’s cell, 771, 777 
Volume, specific, 103, 221, 330 
at absolute zero, 233 

Walden inversion, 323 
Water, conductivity of, 665, 704 
conductivity of, temperature coefficient, 
656, 704 

of crystallisation, 118 
decomposition of, by metals, 810 
dissociating force of, 291, 586 
electrolysis of, 807 
heat of formation of, 644, 767 
heat of vaporisation of, 60 
infra-red dispersion, 346 
ionisation of, 555, 669, 704 
phases of, 653 
polymerisation of, 297 
saponification by, 602 
specific heat of, 11, 752 
specific volume of, 60 
Water vapour, catalytic action of, 616, 
737 

dissociation of, 727 
formation of, 720 

influence of, on mobility of gas ions, 
434 

pressure of, 60, 664 
specific heat of, 59 
Weston cell, 771 
Wood's metal, 123 
Work, definition of, 12, 16 
electrical, 773 

maximal. See Maximal work. 

Zeeman effect, the, 431 
Zinc sulphide, solubility in acids, 577 
methyl, 313 
Zones, law of, 76 
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